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Abstract 
Energy harvesting from locally available small amplitude vibrations can 

struggle to generate sufficient power for wireless sensor nodes, which thereby 

constrains their use for structural health monitoring. This work discusses a 

selection of two-dimensional auxetic substrate designs used to increase a 

piezoelectric harvester’s power output by 2.18-14.5 times by concentrating the 

ambient strain energy into the piezoelectric material. The harvesters were 

modelled and their auxetic designs optimised in COMSOL before empirical 

testing under sinusoidal or dynamic strain oscillations. The investigated auxetic 

designs included re-entrant honeycombs, rotating squares, triangles and 

hexagrams, and !-hole structures; the most effective of which was found to be 

the honeycomb design, with a gain of 5.66 and a raw output of 570 μW at 10 Hz, 

100 με. This work also compared PZT (Lead Zirconate Titanate), LN (Lithium 

Niobate), and MFC (Macro-Fibre Composite) as materials for the active 

piezoelectric layer. The former was found to be detrimentally brittle but delivered 

the greatest output, while the LN was stronger but with a significantly lower output. 

The MFC was more flexible, with only a modest reduction in output compared to 

PZT, and was found to be the most viable of these materials for future research. 

A crucial issue during the design stages was appropriately modelling the 

mechanical losses associated with the bonding between substrate and 

piezoelectric material; this adhesion was modelled using thin elastic layers (TELs) 

to emulate each sample by comparing to its output. The value of the stiffness 

constant per unit area in these TELs was found to be consistent for each sample 

across a range of input excitations. These kinds of energy harvesters open up 

many new avenues for wireless self-powered structural health monitoring sensor 

nodes in infrastructure, buildings, and vehicles, where the ambient vibration 

energy would otherwise be too diffuse to harvest from.   
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1 Introduction 
1.1 Context and Motivation 

There are many scenarios in which it may be desirable to acquire sensor data 

about a local environment, e.g. structural health monitoring of a building or 

machine, a pervasive sensor network, or wearable medical instruments, which 

may not otherwise have a suitable power supply. Both wired and battery powered 

sensors may be undesirable or impractical in many cases; for example, in the 

former instance retrofitting sensors and wires may be too difficult or a grid supply 

may be unavailable, and in the latter case there would be a requirement for 

regular replacement or perhaps a risk due to chemical reactivity. The current 

generation of energy harvesting devices may have difficulty in some locations to 

extract sufficient ambient energy to power most sensors of interest. This thesis 

presents work on a new generation of energy harvesting devices which 

concentrate the environmental strain energy into a more potent power supply. 

 

1.2 Aim and Objectives 
The aim of this work was to increase the power output of a vibration energy 

harvester, by using auxetic components to concentrate the ambient mechanical 

energy into the harvester and thus harness it more effectively. This would 

facilitate a sensor and its associated electronics (i.e. a sensor node) which are 

better able to power themselves using ambient energy, thereby opening up new 

locations as viable sources for self-powered sensor nodes. 

The objectives were to have: 

• A finite element model of an auxetic harvester for power output 

prediction. 

• An optimised auxetic design from this model, which maximised power 

output within tolerable stress limits. 

• Model validation through experimental tests of this design. 

• A baseline non-auxetic design of the same size and material. 

• Comparisons with alternative transducer and substrate materials, and 

types of auxetic structure. 
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1.3 Thesis Structure 
The following chapter surveys the background literature on the topics of: 

energy harvesting (focusing primarily on vibration energy harvesting); 

piezoelectric materials; and auxetic materials. Finally, these three topics are 

brought together with a review auxetic and piezoelectric materials used for 

vibration energy harvesting. 

Chapter 3 discusses an initial proof of concept work into this combination. This 

strain energy harvester, with an auxetic re-entrant hexagonal structure under the 

piezoelectric layer, PZT, was designed with finite element simulations, then 

manufactured and subjected to harmonic strain excitations. This framework was 

found to increase the power output by up to 14.5 times a baseline plain design 

(up to 202 vs. 14.1 μW at 10 Hz, 250 με) at any viable input excitation amplitude 

or frequency. The model was validated effective, provided appropriate values for 

adhesion strength are included. The power increase encouraged further work, 

but the damage to the PZT under a modest force (230 N at most for the auxetic 

samples) led to a need for a stronger material. 

To this end, lithium niobate (LN) replaced PZT as the piezoelectric material, 

as discussed in chapter 4. This material was kindly supplied by the Femto-ST 

institute through Ausrine Bartasyte and Giacomo Clementi. It proved more 

resilient (the auxetic sample withstood 500 με, equivalent to 415 N), but produced 

less power (25 vs. 7.5 μW at 10 Hz, 250 με) and a smaller gain of 3.3 times. An 

alternative way to increase the power output was therefore desirable 

Making the harvester larger would allow it to produce more power and use 

more complex auxetic designs. Chapter 5 discusses how a design developed 

from the proof of concept with multiple re-entrant units was built and optimised in 

the model, and how it was tested experimentally. Tests using bulk ceramic PZT 

layers were compared to the same designs with piezoelectric-composite MFC 

layers. The PZT produced more power (auxetic: PZT: 623 & MFC: 468 vs. 

plain: PZT: 100 & MFC: 47 μW at 100 με and 10 Hz), but the gain using MFC 

was greater: 6.2 vs. 11.8 times, and so these were taken on to the final stage of 

work. 

The final technical phase of this work, chapter 6, discusses modelling and 

testing of a variety of other auxetic designs using these MFC layers on longer 
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aluminium substrates. The optimised designs (appended with experimental gains 

over the plain baseline output of 100.7 μW at 10 Hz, 100 με) were the re-entrant 

honeycomb array again (gain of 5.66×), the rotating triangles (5.29×), the rotating 

rhomboids (3.24×), the !-holes (2.18×), and the rotating hexagrams (4.35×). The 

finite element model was found to be applicable to all these designs. Any one of 

these would be suitable for energy harvesting applications. 

The general discussion, drawing all this work together, is in chapter 7. The 

final conclusions are given in chapter 8, with some suggestions for future 

researchers wishing to build on this work in chapter 9. 

 

1.4 Research Contribution 
This research demonstrates an effective new means of increasing the power 

output for strain driven vibration energy harvesters using auxetic designs. These 

could be used to power monitoring devices in infrastructure, buildings, vehicles 

and elsewhere, to provide stakeholders with information about their current state 

and advanced warning of any damage. This thesis also demonstrates the efficacy 

of finite element modelling for this endeavour, providing the research community 

with a reliable method for generating improved designs in future.  

This research has been presented at several conferences: Energy Harvesting 

Network, 2017; Materials Research Exchange, 2018; PSMA Inaugural 

International Energy Harvesting Workshop, 2018; and the Materials for Clean 

Energy Conference, 2019. The work in chapter 3 has been previously published 

as ‘Auxetic structure for increased power output of strain vibration energy 

harvester’ by Ferguson, et al.1, and the work discussed in chapter 6 is due to be 

in included as a chapter in ‘Energy Harvesting in Wireless Sensor Networks and 

Internet of Things’, edited by Faisal Karim Shaikh and Sherali Zeadally. 
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2 Background and Literature Review 
2.1 Energy Harvesting 

2.1.1 Overview and Applications 
Energy harvesting is concerned with collecting small amounts of power from 

surrounding sources and converting this into usable electrical power (typically on 

the scale of a few hundred μW to tens of mW, though in some cases it may reach 

a few Watts)2–6. Sources include ambient or mechanical vibrations1,2,5–14, thermal 

gradients2,5,11, background radio and microwaves8,15, fluid currents2,8,10,16–23, and 

the human body for wearable applications (such as charging a battery by 

walking)8,10,24–26. Other works may dub this field ‘energy scavenging’; the 

distinction (where made) is that harvested sources can be well characterised in 

advance, while scavengers operate in more unknown or unpredictable 

environment where drawing on multiple surrounding sources may be necessary5. 

Although the phrase ‘energy harvesting’ could arguably encompass many grid-

scale renewable energy technologies that take energy from their environment, 

these are considered a distinct field due to their much larger scale17,27. 

The main application of energy harvesting is to power systems for remotely 

monitoring an area for changes over a long timescale2,28–30; typified by structural 

health monitoring. This uses sensors to record measurements of the environment 

to notify maintenance engineers of any changes which could indicate structural 

damage, along with its location and severity2,12,20,28–32. This could for example be 

used throughout a building or bridge to give advance warning of cracks before 

they become visible12; under a train to monitor the condition of the train’s 

undercarriage as well as of the tracks28,33; detecting leaks in a pipeline20,31; in an 

aircraft to detect growing fatigue in the fuselage, wings, or fuel tanks32. Many 

companies find this kind of asset management or predictive maintenance 

preferable to bi-annual checks or scheduled replacements (which could miss 

rapidly developing faults or lead to functional equipment being scrapped)32. 

Another use of energy harvesting could be powering many mobile and 

wearable devices8,34–36. These could include medical devices (e.g. sensors 

monitoring heart rate, activity, or glucose levels), inertial measurement for a low-

power supplement to GPS positioning in cars and animal trackers, or more 

aesthetic devices (such as light up heels powered by walking)8,34–36. Such 
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harvesters could also provide a secondary power source to portable devices, 

such as phones, watches, and wireless peripherals24 (potentially becoming 

‘batteryless’ altogether in lower-power devices6,37,38). There is ongoing research 

into recharging the batteries in pacemakers using the body’s motion (reducing 

the number of invasive surgeries to change them)36,39. Harvesting devices might 

one day be used as internal backups for mains powered systems, recovering and 

storing some wasted energy for use in an emergency. An energy harvester could 

also serve as independent power supply to a smoke detector40, or maintaining 

safety and security detectors. 

One major advantage to an energy harvesting system is that it does not 

require wires, either for power or data transmission2,10,12,20,28–32,37. This makes 

retrofitting into existing structures much easier, as well as subsequent node 

repositioning or expansion of the network2,10,12,29,32,37. In the use case of buildings 

and infrastructure, the process of wiring sensors into them could involve 

hundreds, or even thousands, of meters of cable32. Even during initial 

construction this would be an expensive proposition, let alone retrofitting 

additional cables into an existing structure. There are also many older buildings 

where the appearance of wiring would be undesirable41. In the case of vehicles 

or off-grid structures, they don’t consume energy from the on-board fuel or 

batteries. If placing sensors into airplanes, the additional weight of cables and the 

risks associated with chemical batteries near fuel tanks make a self-powering 

sensor node more desirable32. Where batteries are an option, these would require 

routine replacement which could be difficult or expensive to access thus limiting 

their effective working life10,20,32. These primary cella powered nodes are more 

regular and predictable in their data output than energy harvesting systems37.  

Wired sensors may have some advantages over battery or energy harvesting 

powered nodes however. The transmitted data is more secure than wireless ones 

(a physical connection is required to access any data) and reliable (only losing 

power in the case of damage or power cut, and otherwise could take data near 

continuously)42. Fibre optic sensors share many features with wired sensor 

systems, except that the wire itself is the sensor33,41,43. They are particularly 

applicable to harsh or toxic environments as the fibre is chemically stable and its 

 

a Primary Cell: single-use, non-rechargeable battery. 
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power inputs are remote43. Through multiplexing, a single fibre could have many 

branches and different kinds of sensor distributed along it, allowing for a much 

smaller footprint, but returning convoluted data43. The cost of this fibre would be 

considerable, as each one must be bespoke, unlike the off the shelf components 

used in the above electrical networks43. They would also require the entire fibre 

to be replaced should damage occur to any part of it41,43. 

The small power output from energy harvesting systems only became usable 

with the improved efficiency of modern electronics14. A microprocessor can now 

be powered with a few hundred μW/MHz in a wireless sensor node37,44. The rest 

of the harvested energy can be used to collect data from a sensor (many of which 

also consume on the order of μW or less10,14), do some post-processing and 

transmit the data to a central hub. This radio transmission is the most energy 

intense part of the process, often requiring a few mW; the harvested energy must 

therefore be stored over a longer timescale to be released in a pulse37. Typically 

the initial connection to the network requires the most energy, as it may require 

dozens of radio pulses over several seconds before the central hub is free to 

respond and confirm access45. Once connected, a node could be placed into a 

low-power or sleep mode (where it only needs to maintain the memory state, run 

the clock, and listen for an activation signal) for much of the time37. It would only 

need to go through this intensive reconnection process if it loses all power45; an 

energy aware circuit in each node could help regulate its power flow to make this 

less likely, by for instance only activating the transmission or sensing cycle while 

sufficient stored energy is available to complete it46,47. These circuits will 

consume a small amount of the harvested power, but they could save much more 

wasted energy over the node’s lifetime46,47. There is also a move to adapt the 

computing hardware and software (which are both usually designed with an 

assumption on a continuous power supply) to be more compatible with an energy 

harvesting system; e.g. by using ferromagnetic memory (FRAM) instead of 

conventional non-volatile flash memory41, and changing the way the program 

uses the chip’s memory to be more robust in the face of interruptions48,49. All 

these improvements would make the systems much more energy efficient, 

reliable, and enduring. While the power consumption of these electronics is 

coming down, the capability of harvesting systems to power them has been rising 

to meet their demands14. 
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There are many potential sources of energy to harvest from that are presently 

untapped, utilising a variety of transduction mechanisms. The choice of which to 

use will depend on the intended application, its location, and cost. The following 

section focuses on vibration energy harvesting, while other potential sources are 

briefly covered in section 2.1.3. Having multiple transduction mechanisms in the 

same device could increase its reliability through diversification (this works best 

where volume, weight, or cost are not the most pressing constraints)11,40. 

 

2.1.2 Vibration Energy Harvesting 
Vibration energy harvesting converts ambient kinetic energy into electrical 

energy2,5,6,11–13,18,32,50,51. Vibrations in the built environment are often generated 

by wind, or other variable loading, and are generally stochastic, low frequency, 

and of small amplitude10–12,18. For the purposes of this work: up to 30 Hz and 

300 με respectively. A self-tuneable, broadband, or direct strain harvester may 

be considered preferable for these situations5. Vibrations from machines are 

usually more predictable, allowing for the possibility to design the harvester to 

resonate at those particular frequencies32. Many non-vibratory forms of kinetic 

energy, such as fluid flow or rotational motion, could be converted into linear 

vibrations of the harvesting piezoelectric material (though this would likely be less 

efficient than a turbine or dynamo, this approach may cause less disruption to 

these motions), while impacts (including footfalls and pressing a button) may be 

considered as very low frequency vibrations38,52. There are several classes of 

vibration energy harvester, the specific details of which will depend on the 

intended source6,11. Their primary energy extraction mechanisms shall here be 

divided into: inertial, and kinematic6. The latter may be further split into primarily 

tensile, compressive, and flexing (any out of plane combination of the two), and 

unlike inertial systems these do not rely on resonance11.  

Inertial vibration energy harvesters are usually based on a weighted cantilever, 

such as the example shown in Figure 2-15,10,11. Here, an oscillation of the host 

surface moves the near end of the cantilever beam, while the free end has a proof 

mass which resists this motion by inertia5,10,11. The bending beam between them 

results in a driven harmonic oscillator with two main options for extracting energy: 

electromagnetism and piezoelectricity5,10,11,23. If the mass at the free end is a 

permanent magnet passing by a coil, this will generate electricity5,10. Practically 
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however, with low input frequencies or systems smaller than a few cm3, the 

magnetic field tends not to vary fast enough to induce significant current 

(compounded by the limited space for multiple coil loops)53. Much work goes into 

up-scaling the oscillation frequency from the source or tuning the cantilever’s 

resonant frequency to match likely input vibrations5,10,11. Placing piezoelectric 

material on the flexing cantilever is another common way to generate electricity, 

exemplified by the PZT in Figure 2-15,10–12,54,55. The flexing of the beam causes 

the piezoelectric material to stretch and bend, thus generating a voltage between 

its top and bottom faces5,10–12,54; more detail behind this mechanism is discussed 

in section 2.2.1. A piezoelectric cantilever, while also dependent on the input 

frequency, produces higher voltages (into the tens of Volts) and lower currents (a 

few micro-Amps, which could present an issue if the leakage current of the 

attached circuit were higher) compared to an equivalent electromagnetic 

system10,53. Variations on this basic inertial harvester include beams fixed at both 

ends with the middle free to oscillate, putting multiple beams around a shuttle, 

plucking mechanisms (where the beam’s oscillation is triggered by an impact on 

the free end to step up the frequency), or a mass on a spring7,20,34; all operate on 

similar principles.  

 
Figure 2-1: Diagrammatic vibration energy harvesting cantilever, shown with both 

inductive coil (if the mass were a magnet) and piezoelectric (PZT) bimorph layers. 
Note, these transducers are rarely used together. 

 

Tensile vibration harvesters harness the straining of a volume or surface 

under an oscillatory load46,56. The simplest implementation is to place a 

piezoelectric material onto, or into, the strained material so that it will be stretched 

to generate electricity56,57. This mechanism can gain a great deal from the use of 

auxetic components underneath the piezoelectric material55, as will be discussed 

in section 2.4 and in the subsequent chapters. The distributed, small-amplitude, 

in-plane nature of these vibrations makes piezoelectricity the most viable 

harvesting mechanism available55.  
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Compressive vibration energy harvesters work by squeezing the electroactive 

materials, or pushing a magnet through a coil, to generate electricity6,11,26,54,58,59. 

The force can be applied by a momentary or traveling load (e.g. a car driving over 

a road or pedestrian walking along a pavement, with pressure pads embedded 

into the surface54,58–60, or shoe heel26) with a spring force to restore its original 

shape. This kind of harvester would also work well under vibrating machinery, 

where it could simultaneously harvest power and damp the vibrations to the 

surroundings47,61. The common cymbal transducer is driven by compression, but 

uses this motion to stretch the piezoelectric material laterally, extending beyond 

the equivalent Poisson expansion under direct compression with the same force26. 

An alternative to piezoelectric compression harvesters are electrostatic dielectric 

elastomer generators (DEGs)5,10,25,62 These use conductive plates and a polymer 

dielectric to form a flexible capacitor. When compressed the plates are pushed 

closer together, decreasing the charge density of the stretched out electrodes, 

increasing the capacitance; this state is easy to charge up. When the elastomer 

is allowed to relax, it becomes thicker, and the electrodes contract, increasing 

their charge density. The plates can then be discharged at a higher voltage. This 

system requires an initial supply to begin: it is a voltage amplifier, powered by the 

compression, rather than a strict harvester. Some DEGs can also operate 

similarly in tension62. Several induction-based compression harvesters have 

reached commercialisation38,58,59, but either small amplitudes make the power 

output very low or, in the case of under-pavement harvesting, by allowing a large 

displacement underfoot the surface may become unstable to walk on (which 

limits use in public areas, as it’s a trip hazard)58,59,63. 

 

2.1.3 Other Energy Harvesting Mechanisms 
There are many other transduction mechanisms used to harvest energy from 

the environment, some of which shall be briefly discussed here along with their 

associated challenges, to provide broader context. The sources considered here 

will be kinetic energy (besides vibrations), ambient electromagnetic waves, and 

thermal gradients. Different harvesting mechanisms may be combined to 

diversify the power supply where space permits11,40. The choice of which to use 

is highly dependent on the application (e.g. amount and timescale of energy 

required) and location (e.g. type and amount of energy available). 
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While non-oscillating kinetic energy can be converted into a vibration to be 

harvested, see above, this introduces inefficiencies5,17,38,64. It would be simplest 

to harvest from a rotating system with a dynamo connected to its axel5,17,38; due 

to the magnetic breaking torque it would be counterproductive to harvest from a 

driven axle (e.g. in a car), but this could be used for regenerative breaking or to 

power a bicycle’s lights5,17,38. Linear motion of a shaft, such as pistons or some 

wave-energy generators, could be harnessed using an electromagnetic coil5,17,64.  

Fluid flows are another source of motion that could be tapped2,16,19–23,64. 

These could be converted to a buffeted oscillating cantilever, but turbines would 

generally be more effective19. In air, such devices work best for high wind speeds, 

such as around tall buildings, aeroplane wings and cars (as long as the 

turbulence caused does not diminish the aerodynamics of the vehicle), or 

confined air in chimneys and exhaust vents19,32,65,66. Running water can be used 

in small or pico-hydrob projects67–69, such as rainwater flowing down a gutter or 

small waterwheels placed around the base of a bridge to power monitoring of its 

structural health or of the river’s water quality30, c. These direct methods may 

interrupt the original motion too much (e.g. turbines in plumbing systems would 

lose pressure16), so the vibration harvesting methods discussed previously would 

be preferable (e.g. a flapping cantilever buffeted by the flow21–23). 

Triboelectric harvesting utilises the friction between differing materials to 

generate a dipole2,70. The triboelectric effect is most commonly experienced as 

static electricity from clothing of differing fibres rubbing together70. The effect is 

typically considered an impediment, for example when an aircraft passes through 

icy clouds where the charge build up can interfere with communications, and if 

not mitigated could spark70. The effect could be directed to generate high 

voltages2,70. Currently the power outputs of such devices require idealised 

conditions to generate more than a few μW, due to difficulties aligning these 

distributed asynchronous low current (typically nA range) sources into one 

output2,70–72. The ambition in future is to embed these kinds of harvesting devises 

into clothing and other wearables to power various bio-sensors70. 

 

b Defined as any hydroelectric generator yielding ≪ 5 kW67. 
c Note, this particular node was designed to be powered by solar panels, as their main aim 

was to optimise the node and the river sensor, rather than its power source30. 
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The Sun remains the most potent energy source, at least outdoors in 

daylight5,8,17,64. The typical power density available from micro-solar photovoltaic 

panels in direct sunlight is 15 mW/cm3, but indoors this drops to 15-20 μW/cm3 5. 

Some structural health monitoring systems could run on just sunlight and 

overnight energy storage, depending on their position30, but weather dependence 

could be an issue11,40. Other portions of the electromagnetic spectrum could be 

harvested too. Self-powered crystal radios take their energy from the radio waves 

absorbed by the antenna8,73. Using smaller antennae, shorter wavelengths can 

be absorbed for more power, up to microwave frequencies8,73. Electrical power 

lines and some machinery leak electromagnetic fields which could be harvested 

through induction73.  

Heat engines are mechanical means of utilising a thermal gradient, and 

Stirling engines are of particular interest for energy harvesting8,27,64,74. These use 

a closed-cycle working fluid (typically air, or another gas) between a hot and cold 

sink to generate motion of the pistons, which could be turned into electricity 

through many of the means previously discussed. A Stirling engine can be driven 

from any heat source (including concentrated sunlight8,27,74) because it is external 

to the cycle. They do not require high pressures, making them safer (and 

potentially quieter) than internal combustion engines74; hence they are used in 

many domestic combined-heat-and-power systems. They have a low power-to-

weight ratio however, and like any engine they have many moving parts which 

become warn over time27,74. Small Stirling engines may be driven with thermal 

differences of between 0.5-100 K74. The accelerated rate at which the thermal 

gradient equalises while extracting power make them useful for waste heat 

recovery in coolant systems74. 

Thermal gradients may also be harvested directly via the thermoelectric 

(specifically, Seebeck) or the pyroelectric effects2,5,8,11,13,32,37. The Seebeck effect 

is the direct conversion of a thermal gradient into a voltage, or vice versa, through 

transfer of charge carriers from the hot side to the cold5,8,37. Typically this is 

realised by joining two dissimilar materials (of widely different Seebeck 

coefficients); their band energy levels are shifted (as in the joining of n- and p-type 

semiconductors), creating an electromotive force which shifts when one side is 

heated5,8,37. Thermoelectric generators using this effect are small, solid-state 

heat engines, though they are inefficient and expensive due to the rare minerals 
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often required32. They could be used to recover waste heat13, and have been 

used in many deep space missions (using radioactive decay as the heat source)2. 

This effect is used in thermocouples and thermopiles to measure temperature2. 

Pyroelectricity generates a voltage during heating or cooling (whereas 

thermoelectricity works while the thermal gradient remains)2,11,13,32. This is a 

property of polar materialsd which pushes unbound charges apart while changing 

temperature, amplifying (cooling) or reversing (heating) its polarisation11. Some 

of these materials can be poled by external electric fields, indicating they are also 

ferroelectric (see subsection 2.2.2)2,11. Small temperature changes (if applied 

quickly) can develop significant voltages, making pyroelectric materials suitable 

for passive thermal sensors2,11. An effective pyroelectric generator would require 

a rapidly fluctuating heat source (thermal mass usually limits this to <1 Hz11) and 

expensive materials to make, though there may be more efficient materials or 

MEMS structures to improve this in future2,11,32. 

 

2.2 Piezoelectric Materials 

2.2.1 Piezoelectricity 
Piezoelectricity is a property of certain materials where their electrical 

polarisation responds to applied mechanical stress; these materials also exhibit 

the converse effect, where an applied voltage causes mechanical stress6,75–77. 

Piezoelectricity is most commonly found in crystalline (quartz, Rochelle salt, etc.) 

or ceramic materials (PZT, ZnO, BaTiO3, KNbO3, etc.), but has also been 

observed in some biological matter (silk, bone, DNA, etc.) and polymers (PVDF, 

once poled)6,75–77. The effect is usually negligibly small, though in some specially 

synthesised crystals and ceramics it can produce a significant voltage (tens of 

Volts from even modest excitations; enough to create a spark), or conversely a 

small strain6,75–77.  

Figure 2-2 shows linear interaction effects between mechanical stress, T, and 

strain, S, and the electric, E, and displacement, D, fields75, with arrows pointing 

in their customary cause to effect directions (though converse effects may also 

 

d All pyroelectric materials are also piezoelectric, but crystal classes with central symmetry 

cannot be pyroelectric. Similarly, ferroelectricity is a subset of both pyro- and piezoelectricity. 
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occur). The term ‘piezoelectricity’ collectively describes the four emboldened 

interactions, in either direction. The direct effect starts from one of the mechanical 

nodes and moves to either electrical node, while the converse effect goes vice 

versa. Non-linear effects are omitted for clarity.  

 
Figure 2-2: Linear interaction processes between electrical and mechanical effects; 

piezoelectric connections emboldened. 
 

A non-linear effect that is sometimes confused with piezoelectricity is 

electrostriction6,75,77. This is where an applied electric field causes mechanical 

strain, but unlike piezoelectricity the direction of this strain remains the same if 

the field is reversed; this field will always attempt to pull the material apart. 

Electrostriction occurs in all non-monatomic dielectrics to a small degree, though 

the effect is negligibly small in most cases (especially compared to the 

piezoelectric effect in the materials discussed in section 2.2.2), and the 

magnitude of strain it induces is proportional to the square of the polarization 

between the constituents6,75,77. By contrast, piezoelectricity (both direct and 

converse) will flip direction under a reversed input: ideally, if a tensile force 

applied to a piezoelectric material produces a negative voltage, – x V, then the 

same force in compression results in + x V e; likewise reversing the polarity of an 

applied electric field would flip the direction of the piezoelectric strain6,75,77, e.  

Piezoelectric materials are mathematically defined using material 

constants6,75–77, allowing them to be simulated using finite element modelling or, 

for simple cases, be calculated analytically. The mechanical and electrical 

coupling is characterised by the piezoelectric constants6,75–77. They come in four 

interrelated sets: d, e, g, and h, each indicated on the emboldened arrows in 

Figure 2-2 and defined by equations 2–1-475–77; which set to use is a matter of 

convenience. The most commonly used are the piezoelectric charge constant, d, 

 

e In practice, the same strain magnitude applied in opposed directions will not produce the 

same absolute voltage, due to electrostrictive and thermal effects which occur alongside the 

piezoelectric effect. Likewise for the converse effect6,76. These losses are considered negligible. 
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or the piezoelectric voltage constant, g (which is more often used for 

sensors)6,61,75–77. The e and h constants are rarely used, as they are effectively 

the inverses of g and d, respectively. Modelling also requires the elastic 

compliance of the material, sE (defining its stiffness), and its relative permittivity, ε. 

Piezoelectric materials are anisotropic so all these properties vary in different 

directions. Each constant here takes the form of a matrix where every element 

indicates the strength of coupling between the axis i (electrical polarisation 

direction) and j (mechanical action direction)6,61,75; Figure 2-3 assigns the axes 

values. Piezoelectric polarization is generally considered as the 3, or z, direction. 

By convention, shear motion around the x & y axes are referred to as 15 & 24 

respectively6,61,75. Equations 2–5 to 2–8 are widely used to model piezoelectric 

effects; the general matrix form is given first, while their expanded forms have 

material parameters for tetragonal crystals (such as PZT, see section 2.2.2)6,61,75. 

Most materials have some parameters duplicated in another axis: e.g. "!"#  & ""!#  

are mirrored in the diagonal of sE, indicating the same in-plane structure.  

 
Figure 2-3: Crystal orientation directions. 
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2.2.2 Materials for Vibration Energy Harvesting 
Many piezoelectric materials are used in energy harvesting 

research6,10,11,52,57,76–79, but by far the most discussed material is PZT (Lead 

Zirconate Titanate: Pb(Zr,Ti)O3), due primarily to its strong piezoelectric coupling 

and wide availability6,11,14,52,76,78. Other commonly used materials include barium 

titanate (BaTiO3: BT)77, potassium sodium niobate (K0.5Na0.5NbO3: KNN)80 and 

its related substances6,11,81,82, zinc oxide (ZnO)6,83–85, Polyvinylidene (di)fluoride 

(PVDF)6,78,79,86,87, or active fibre composites like MFC (Macro Fibre Composite, 

with fibres cut from bulk PZT 5A1)56,88–90.  

PZT, BT and KNN are perovskite ceramics, with an atomic cell structure 

shown in Figure 2-46,77,91,. Thick layers (≫100 μm) are manufactured by sintering 

their constituent powders, while thin (<1 μm) and thick (>1 μm) films are typically 

made by vapour deposition2. They are then ferroelectricallyf poled by placing 

them in a strong electric field once heated to around their Currie point (where 

thermal activity breaks up all domains); the field is then maintained during 

cooling76. This gives a preferential polarization axis in response to applied stress, 

either 31- or 33-mode (indicated in Figure 2-5), throughout the crystal6,76, which 

increases their accessible power output by reducing opposing domains6,11,77. 

Note that any of these ceramics that are 31-poled are equally 32-poled because 

of the x-y plane’s identical structure in either axis; see section 2.4.1. In energy 

harvesting, it is beneficial for the polarisation to go through the thinnest dimension, 

to reduce electrical losses within the material5,10. In a typical cantilever setup, 

including this work, a 31-mode crystal is preferred, despite its slightly weaker 

coupling than the material’s 33-mode2. Using 33-poled materials on cantilever-

based harvesters requires interdigitated electrodes; making production more 

difficult10. A compressive vibration harvester could easily be stressed in the same 

axis as its polarization and would typically use 33-poled material2,5,10. PZT has 

‘hard’ (e.g. PZT-5H) and ‘soft’ (e.g. PZT-4) varieties determined by its dopants; 

named for their domain motilities. Hard PZT retains its properties under higher 

stress or fields, and is thus preferred for energy harvesting2,92. All PZT remains 

brittle however, with a yield strength of ~35-40 MPa (depending on variety)92,93. 

 

f Ferroelectricity is named by analogy to ferromagnetism (though iron isn’t needed) as the 

electric domains align to the applied field; this polarisation persists once the field is removed. 
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Figure 2-4: A 33-mode perovskite crystal unit cell, with PZT constituents indicated, 

under (a) no deformation (b) vertical strain, shown with the dashed arrow, and (c) strain 
in both the z & y directions. Polarization shown by the black arrows in (b) & (c). 

 

 
Figure 2-5: Resultant poling direction, P, from applied tension, F, for 33, 31, and 31 

& 32 modes respectively. 

Non-ferroelectric ceramics like ZnO, gallium nitride (GaN) or aluminium nitride 

(AlN) have their polarization axis defined by their intrinsic atomic structure6,83–85. 

They tend to have weaker piezoelectric characteristics than poled perovskite 

materials, making them less attractive for energy harvesting, but ZnO has been 

used in nanofiber triboelectric harvesters, mentioned in section 2.1.32,84. They 

may also find use where lead-free materials are required6,80,81.  

Other lead-free alternatives to PZT are being proposed, such as KNN, LN 

(lithium niobate, aka LiNbO3) and other alkali-niobate ceramics6,11,14,80,82,94,95. 

Researchers are still predominantly at the stage of determining material 

properties and optimal means of production, rather than specific applications, 

though they appear promising80,82. They can have high piezoelectric coefficients, 

and could withstand similar or greater strain than PZT in certain crystal 

orientations82; however, they are currently more difficult to make80. 

PVDF (polyvinylidene difluoride) is a piezoelectric polymer6,52,78,79,86,87. Its 

long chain structure, shown in Figure 2-6, can be ferroelectrically poled; putting 

all the fluorine and hydrogen groups on opposite sides6. The charge distribution 

between these sides changes when the molecule is stretched or distorted, giving 

rise to its piezoelectric properties6. Compared to ceramic materials, these 

(a) 

Pb2+ O2- 
Zn4+ / Ti4+ 

 

(b) (c) 
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properties are very weak; severely limiting the power available from any harvester 

utilising PVDF6. It is however highly flexible and can endure much larger strains 

(up to ~2%6) than the brittle crystal or ceramic materials, making it suitable for 

embedding within fabrics for wearable energy harvesting6,52. 

Piezoelectric fibre composites, PFCs, and active fibre composites, AFCs, 

have been developed more recently, mainly for actuation and ultrasonic 

applications6,76,90. NASA developed macro fibre composite, MFC, using a layer 

of parallel rectangular fibres of PZT 5A1 with interdigitated electrodes embedded 

in epoxy56,61,76,88,96; shown in Figure 2-7. This material is flexible in both directions, 

yet retains much of the piezoelectric response of its ceramic base5,6,56,76. MFC 

has energy harvesting applications in the aerospace sector5,9,18,44,56,61,76,88.  

 
Figure 2-6: PVDF atomic 

structure: poled (right) & unpoledg.

 

 
Figure 2-7: Diagrammatic 31-poled MFC 

cutaway. 

 

2.2.3 Other Applications of Piezoelectricity 
Piezoelectric materials have many applications besides energy 

harvesting75,77,97. Piezoelectric materials produce high voltages compared to the 

applied strain, and low currents10,75; this makes them useful for sensors or 

generating sparks (as used in some lighters)75. From the direct piezoelectric 

effect, the strain on the crystal can be measured by its voltage; attaching it to a 

surface forms a strain gauge97,98. This could be a self-powered device in an 

energy harvesting system97,98. Piezoelectric pickups use a similar mechanism to 

convert the vibrations of an acoustic instrument into an output signal77; these 

don’t require steel stringsh, can makes the output sound sharper than using an 

external microphone, and reject the electromagnetic noise. Piezoelectric crystals 

 

g Public domain image from: commons.wikimedia.org/wiki/File:Ferroelectric-wiki-w3.png 
h Electric stringed instruments generally use a permanent magnet wrapped in fine copper 

wire. The vibrating steel string cuts through the magnetic field, inducing a current in the coil. 
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were used to convert the needle motion along a vinyl record track into the 

electrical signal for the speakers (magnetic induction is now more typical)77. 

The converse effect can be used as an alternative to many electromagnetic 

devices24,61,76,77. The high electric fields required to cause tiny changes in its 

dimensions make micro-actuators more precise than electromagnetic 

equivalents76; many scientific grade linear stages use multilayer piezo-ceramics 

for translations on the nm-μm scale76 for aligning micro-mirrors or acousto-optic 

modulators76. Rotational stepper motors can use these linear extenders to push 

the rotor around76. The limitation with both of these is that their motion is slow 

and has a tiny range76,99,100. 

Quartz oscillators have long been used in many small clocks to keep regular 

time75. Piezo-ceramic disks are often used for compact, cheap, low-fidelity 

speakers or buzzers76,77. They are also used in the production and detection of 

ultrasonic frequencies (usually a PFC), which electromagnetic systems struggle 

with75–77,81. These ultrasonic devices may be used to: conduct medical scans, 

break up kidney stones, disintegrate material within a mixture, or in sonar75–78. 

 

2.3 Auxetic Materials 

2.3.1 Overview 
Auxetic materials have a negative Poisson’s ratio, unlike conventional 

materials101–105. This means that they expand laterally when stretched, or vice 

versa compress laterally when squeezed. The word ‘auxetic’ was coined by 

Evans in 1991101 as a collective term for such materials. Poisson’s ratio, ν, for 

isotropic materials is the perpendicular change in dimensions over the length 

change in the applied force direction, equivalent to transverse strain over the axial 

strain; with sign conventions ensuring most materials are within the 0 ≤ ν < 0.5 

range103,104. A negative value can be achieved by the material having a re-entrant 

or self-infolding internal structure at some scale105,106. Alternatively, a negative ν 

can come from internal holes between hinged units105,107,108. 

Much of the early research discussed collapsed foam-based materials, 

utilised for enhanced sound absorption or more comfortable cushioning102,109,110, 

but using an appropriate geometry can allow most standard materials to behave 
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in an auxetic manner; at least when considered in bulk (the material retains its 

usual Poisson’s ratio at a localised scale)105–108. For example, the re-entrant 

honeycomb, shown in Figure 2-8, has a regular array of bow-tie holes cut out 

from a flat sheet, resulting in a pliable framework105,111. When stretched, this 

structure deforms so that the holes expand (tending toward rectangles in this 

case) and push the sides out laterally105,111. There are many other geometries 

which can achieve this effect103,105,112. Most of these structures utilise solid units 

(commonly squares or triangles), connected at their corners which rotate 

outwards when stretched103–105,107,108, or re-entrant networks of connected 

beams105,111–115. Figure 2-9 shows a selection of such designs, and that many 

apparently disparate mechanisms are related105. Similar principles hold in three 

dimensions, for example Figure 2-10103–105,116. 

 
Figure 2-8: Example auxetic design: re-entrant honeycomb array, arrows show 

axial stretch directions, deformed result shown in grey; original shape in black outline. 
 

 
Figure 2-9: Four 2D auxetic designs, 

showing analougus mechanisms between 
them; taken from 105. Models: (a) Rotating 

Squares; (b) Anti-Tetrachiral; (c) Missing Rib 
and (d) Re-Entrant Honeycomb. 

 

 

 
Figure 2-10: A single re-entrant 

3D auxetic unit. 
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As a result of the negative Poisson’s ratio, auxetics exhibit many other 

characteristics which could make them more hardwearing and adaptable 

materials102,103,105. These range from increased fracture toughness, a greater 

shear modulus, more resistance to indentation, and a greater (and tuneable) 

acoustic response103,104,111,117. A flat sheet of auxetic material can easily form into 

a dome (synclastic curvature), while regular sheets only tolerate saddle-shaped 

(anticlastic) curvature103,104. Auxetics’ main limitation is concentrating internal 

stress into narrow bending or flexing regions, where they could easily crack or 

succumb to fatigue (a large network could be more resilient overall)110. These 

characteristics could classify auxetics as mechanical metamaterials112,118–121. 

 

 

2.3.2 Other Auxetic Applications 
Many applications for auxetic materials are still at a research phase, though 

some are commercially available; e.g. some Nike trainers have auxetic soles 

(with a rotating triangle design), the supposed benefit being they expand in both 

in-plane directions, akin to the splaying of bare feet122. Conventional materials 

buckle away from an impact, but auxetic materials could expand into the force, 

see Figure 2-11102,104. Blast-proof fabrics can be made from auxetic fibres (which 

can be made by winding a narrow stiff fibre around a soft thick one, see 

Figure 2-12)123–126. Their synclastic curvature could be used for flexible bandages, 

particularly those going over joints103,123. There have been auxetic stent i 

designs102; which allows them to bend and slide through the vein until they reach 

the correct location, then expand outwards to support the walls. The heightened 

acoustic response of many auxetic materials could make more efficient noise 

absorption103,127. An auxetic filtering membrane could be expanded and 

contracted to select the particle size that is allowed through103,104,123. 

 

i Stent: a hollow tube placed inside a blood vessel, or similar, to hold it open temporarily. 
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Figure 2-11: Effect of an impact on (a) conventional and (b) auxetic materials; its 

momentarily increased density under the projectile is indicated by the shaded area. 
 

 
Figure 2-12: Example of an auxetic fibre in (a) relaxed state and (b) under tension. 

 

2.4 Auxetic Piezoelectric Energy Harvesting 

2.4.1 Theoretical Underpinning of Gain 
This work focuses on combining auxetic metamaterials with piezoelectric 

materials for improved vibration energy harvesting1. This takes advantage of how 

any 31-poled piezoelectric layer is also 32-poled55; as discussed in section 2.2.2. 

By Poisson contraction, the 2-axis will contract from tension applied in the 1-axis, 

and vice versa, thus the average stresses in the 1 and 2 axes would typically be 

of opposing signs (the latter’s absolute value being smaller)55; when this lateral 

32-axis is considered it is often only as a loss. Equation 2–9 gives the power 

output from the piezoelectric layer at its optimal resistive load, and shows how 

these opposing stresses, T11 and T22, reduce the harvested power55. 

D./0 =
)1	3	4#	0#	5%&'

6(6%%
	(2((FFFF + 2))FFFF))   Eq.2–9 

Here f is the oscillating excitation’s frequency (far below material resonance), 

Ap and tp are the area and thickness of the piezoelectric material, d31 is the 

piezoelectric coupling strength between the in-plane motions and the z-axis 

(a) (b) 

(a) 

(b) 
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polarisation (and here assumes d32 = d31, as is typically the case in bulk 

piezoelectric ceramicsj), $$$ is the relative permittivity through the thickness, and 

%!!&&&& & %""&&&& are the average stresses of the piezoelectric layer in the x & y directions 

respectively55. If %""&&&& were made to be the same sign as %!!&&&& (i.e. both axes in 

tension, or compression, simultaneously), then these terms would add and the 

power output would greatly increase. Auxetic designs, through their lateral 

expansion under tension, could facilitate this bidirectional excitation, and turn the 

typical 32-axis loss into a gain55. 

 

2.4.2 Review of the State-of-the-Art 
The use of auxetic materials in energy harvesting could lead to dramatic 

improvements in power output over currently available harvesters, and become 

important in opening up untapped sources that would otherwise be insufficient to 

power a vital sensor. This research is still at an early stage, based primarily on 

simulations rather than experiments. Li, Kuang & Zhu55 have modelled a bimorph 

energy harvester with an auxetic substrate (shown in Figure 2-13) which they 

expect could generate 2.76 times the power of an equivalent plain, solid substrate. 

Their results show dramatic increases of stress in the PVDF piezoelectric layers 

over the slits in the auxetic substrate, compared to a plain substrate. The regions 

bonded over the solid squares of the substrate show a minimal stress increase; 

indicating that there is still much room for improvement on this principle. 

 
Figure 2-13: (a) Structure of bimorph and (b) substrate modelled by Li, Kuang & Zhu55. 

 

 

j If d31 were not this common factor, the bracket in equation 2–9 would be ((34T44JJJJ + d35T55JJJJ). 
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Fang et al.79 modelled and tested this type of auxetic design in a flag harvester, 

cutting slits into the PVDF itself, resulting in improved energy conversion 

efficiency: from around 0.4% at best, up to 0.6-0.7%. They compared an uncut 

sheet with: unidirectional cuts (perpendicular to the applied tension), a square cut 

(similar to Figure 2-13(b)), and a fractal cut (some slits from the square cut are 

double length, intersecting crossing slits). They found all these cuts were able to 

increase the energy conversion efficiency during flag flutter testing in a wind 

tunnel over different windspeed bands; harvesting energy from lower windspeeds 

than the uncut sheet (absolute power was lower due to reduced wind energy 

input). They conclude architected cuts could be a simple way to tune the resonant 

response of PVDF without diminishing its piezoelectric performance. 

Recalling Li, Kuang & Zhu’s work55, a means of further increasing the power 

output might be to make the holes a greater fraction of the substrate surface area. 

This has been modelled by Chandrasekharan & Thompson128 for a cantilever 

bimorph harvester, though their aim was to increase the power-to-weight ratio 

(which they show improvements of up to 25%), and provide a new means of 

tuning its resonant frequency. They modelled a regular honeycomb framework 

as their substrate, shown in Figure 2-14, where the walls of the honeycomb were 

much thinner than the substrate thickness (152 to 760 μm respectively). They 

mention the possibility of using an auxetic honeycomb, based on the work of their 

student Adeshara129, and shown in Figure 2-15, but dismiss it as slightly less 

effective than the regular honeycomb. This neglected design used the same thin 

cell walls, which would struggle to impose any of their lateral strain upon the stiff 

PZT layers. This lack of authority, combined with the slightly greater mass 

required for the auxetic honeycomb, results in a lower power-to-weight ratio 

(though still an improvement over the plain). These works128,129 show that for 

auxetic components to be a benefit to energy harvesting there must be a balance 

between making the structure flexible, and the authority it needs to stretch the 

piezoelectric material. 
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Figure 2-14: Honeycomb bimorph 

from Chandrasekharan & Thompson128. 

 
Figure 2-15: Re-entrant honeycomb 

bimorph modelled by Adeshara129. 
 

Umino et al.118 modelled and tested a bimorph of a design similar to 

Adeshara’s in Figure 2-15, but at a smaller scale (20×10×0.28 mm). They found 

that this auxetic design increased the power output by 1.6 times 

(47.4 to 29.8 μW), and reduced the resonant frequency (fundamental: 

21.1 from 24 Hz) compared to an equivalent plain. This gain may be helped by 

their cell walls being only half the thickness of the substrate (100 to 200 μm) and 

therefore the substrate had more authority over its piezoelectric layer (PVDF), or 

it could be the substrate’s greater flexibility. This shows that auxetic designs can 

be used to tune a resonant response in practice, as well as in simulations. The 

raw output was still low due to the small size and use of PVDF. 

Another option is to have the piezoelectric layer’s shape match the auxetic 

framework. De Bellis & Bacigalupo98 designed and analysed an anti-tetrachiral 

auxetic lattice of PZT-5A layer sandwiched by protective polymer, shown in 

Figure 2-16(b). This profile could make a strain gauge >6 times as sensitive. The 

smaller amount of piezoelectric material due to the design’s large empty spaces 

would limit the available power output, meaning to be fully self-powered this 

design may have to cover a much larger area than a solid plain equivalent; though 

for structural health monitoring of buildings and infrastructure this may not be a 

problem. Such a complex design would also be very difficult to manufacture from 

a brittle piezoceramic material. 
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Figure 2-16: (a) Anti-tetrachiral strain gauge and (b) unit cell, showing (blue) PZT 

layer in the centre, sandwiched in (red) polymer, modelled by De Bellis & Bacigalupo98 
 

Some work has been done in energy harvesting with auxetic components, 

without using piezoelectric materials. The US navy25 have a patent using auxetic 

electrodes in an electrostatic dielectric elastomer generator (DEG) to fit in a boot’s 

heel. The auxetic plates amplify the DEG’s charge concentration effect by 

reducing their volume under compression. Another wearable DEG with an auxetic 

framework has been demonstrated by Bassani, Jean-mistral & Ruffald62 in a 

backpack strap. This uses the inertial force between the backpack and the 

walking wearer to stretch the DEG (in both plane directions for the auxetic 

configuration) to harvest the energy from their walking. Their re-entrant ‘bowtie’ 

configuration gained 53% of its input energy, verses 32% from the non-auxetic 

baseline. These DEGs could be integrated into the straps of rucksacks, handbags, 

and even clothing. The initial voltage source is required however. 

There is more available literature on the subject of piezoelectrically driven 

auxetic actuators6,81,100,102,103, some of which could operate in reverse for 

harvesting. There are cases where actuation may be required in one phase, then 

ambient vibrations could be harvested during another phase; such as deploying 

a satellite’s solar panels, then harvesting energy from those panel’s vibrations for 

the rest of its working life130. Fey et al.100 made a re-entrant honeycomb structure 

from bulk PZT; increasing the range of movement for actuation. While it could be 

used in reverse for harvesting, it would also be highly susceptible to damage 

under any excessive load it was exposed to. 

Alternately, piezoelectric materials may be integrated into a structure. These 

could be used for actuating flexible fibre composites (which can be auxetic)6,81,131. 

Run in reverse, some of these composites could form integrated self-powered 
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strain gauges or energy recovery mechanisms. Topolov & Bowen81 discussed 

auxetic polyethylene composites incorporating piezoelectric blocks, serving as 

more flexible replacements for bulk ceramic piezoelectric materials; this potential 

new generation of PFCs allow higher strain (and lead-free) applications in both 

actuation and harvesting. These kinds of piezocomposite devices are already 

used in some medical ultrasonic imaging sensors and sonar hydrophones, where 

their auxetic polymer matrix has been shown to improve the mechanical coupling 

to the piezoelectric components81,102,103. If used in reverse for harvesting, the 

polymer might absorb a significant fraction of the input energy, but these 

mechanical losses could be offset by being able to place the piezoelectric 

components under pressure from all sides and harvest from higher strains than 

a bulk ceramic could endure, resulting in a greater power output overall. 

From this literature, the combination of piezoelectric and auxetic materials has 

been found to increase the power output for a range of mechanically driven 

harvesters; much of these efforts thus far have been purely theoretical however. 

Where empirical efforts have been made, the increased power has been a 

modest 1.6 times62,118, while simulations find up to 2.76 times possible55,79,128,129. 

The aim of the following research is to demonstrate larger gains by focusing on 

optimising the substrate’s auxetic design for power output; rather than for 

minimising weight or lowering resonant frequency, as much of the above work 

has. Such designs would make low strain (≪ 300 με) environments more suitable 

for energy harvesting; generating enough in situ for many useful structural health 

monitoring applications that would otherwise require batteries (and the regular 

replacements that entails). The small oscillations caused on a building’s 

superstructure from wind loading, pedestrians walking over a building’s joists, or 

vehicles passing over the span of a bridge, could all become sufficient energy 

sources for remote sensor nodes132. As auxetic materials concentrate ambient 

stress, brittle piezoelectric materials could be easily damaged in turbulent or 

already high strain environments (where currently available harvesters could 

already be sufficient energy sources)110. 

The following chapters in this thesis will demonstrate that by introducing 

auxetic metamaterials to vibration energy harvesters their power output, from the 

same mechanical input, is greatly increased.   
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3 Proof of Concept Study of Auxetic Power 
Amplification 

In the previous section, some efforts from the literature in utilising auxetic 

designs for energy harvesting were discussed, but these have been of limited 

success thus far. For this initial proof of concept study, a strain energy harvester 

was developed, incorporating an auxetic re-entrant hexagon structure in its 

substrate to concentrate applied strain into the piezoelectric layer. This was 

optimised using Finite Element Modelling (FEM) and tested under laboratory 

conditions with comparison to a baseline plain design. This design process was 

therefore validated for further developments. The work in this chapter has been 

previously published as ‘Auxetic structure for increased power output of strain 

vibration energy harvester’ by Ferguson, et al.1. 

This chapter will describe the process of modelling and optimising the auxetic 

substrate design in section 3.1. Section 3.2 will discuss sample manufacturing 

and testing, and how the data was subsequently analysed. The results from this 

are then presented and discussed in section 3.2.4. Finally, section 3.3 draws out 

the conclusions. 

 

 

3.1 Finite Element Modelling Design 

3.1.1 Modelling Method 
Finite element modelling was used to investigate the benefits of the auxetic 

region on the harvested power, and to optimise its design. This model, developed 

in COMSOL Multiphysics® 5.3, is schematically illustrated in Figure 3-1 with its 

dimensions listed in Table 3-1. The auxetic re-entrant hexagon geometry was 

selected, based on preliminary work comparing many auxetic geometries; which 

are developed in chapter 6.  

The model consists of a mild steel substrate under a piezoelectric layer (PZT, 

specifically PIC151 from Physik Instrumente GmbH & Co.133). This off-the-shelf 

standard size piece (20×20×0.18 mm) guides the overall size of the substrate: 

80×20×1.15 mm; with the auxetic region in the middle, under the piezoelectric 
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material. This substrate is as wide as the PZT, with enough length to be clamped 

into the testing apparatus, in a widely available thickness. An epoxy layer, ~8 μm 

thick, lied between these (its profile being a projection of the substrate’s, as seen 

in Figure 3-1(a)); plausibly small variations in this thickness were subsequently 

found to have a negligible effect on the power output, see appendix A.I.ii. The 

properties of all these materials used in the model are listed in Table 3-2.  

A parametric analysis was used to determine the optimal dimensions for the 

re-entrant hexagon. ‘Optimal’ is here defined as the highest power output 

obtainable within the peak stress limits of both steel and PZT at the maximum 

intended mechanical input (250 με); this was calculated with von Mises stress as 

it is independent of direction. There are four parameters defining the shape of the 

auxetic region: beam width, tb, deformation angle, α, crossbeam length, cb, and 

filleting radius, fr; these are shown in Figure 3-1(b), with their parametric ranges 

and final values listed in Table 3-1. These were swept individually within 

physically plausible ranges to isolate their effects on the power and stress levels. 

The best values were iteratively carried through to the sweep of the next 

parameter to find the dimensions. This process was repeated, carrying the 

parameters through in different orders from different starting points to establish a 

consistent best case design. A case study is discussed in section 3.1.2. 

The substrate has two clamped portions, each Lclp long, at either end. The top 

and bottom surfaces of one clamp were fixed, while those at the other end were 

subjected to a harmonic displacement of 10 μm in the positive x-direction to 

supply a peak-to-peak strain of 250 με on the free substrate. A frequency domain 

analysis simulates just the peak displacement and calculates the full cycle’s 

output from half this peak power. This value is almost identical to that from a time 

domain study, but much more computationally efficient; see also appendix A.I.i.  

A load resistor was connected between the bottom (ground) and top (terminal) 

faces of the piezoelectric layer. Its resistance matched the internal impedance of 

the PZT, to characterise its maximum power transfer at the excitation frequency, f, 

using equation 3–1. Other variables defined in Table 3-1 and Table 3-2. 

'%&' =
'6

"()*7*88+6,6
    Eq.3–1 

 



41 

 
Figure 3-1: (a) Exploded render of model, annotated with external parameters and 

(b) parameters for the auxetic region (i.e. area of substrate directly under the piezo). 
Parameter values are listed in Table 3-1. 

 

Table 3-1: Parameter values used 
in the model (final value given with 
modelled range where applicable). 

Part Parameter [unit] Value (range) 
Piezo-
Layer 

Length [mm] Lp 20 
Width [mm] Wp 20 

Thickness [µm] tp 180 
Resistance [kΩ] R 384 (1-555) 

Glue Thickness [μm] tg 8 (1-10) 
TEL [GN/m3] ka 100 (1-1000) 

Substrate Length [mm] Ls 80 
Width [mm] Ws 20 

Thickness [mm] ts 1.15 
Clamp [mm] Lclp 20 

Auxetic 
Region 

Beam Width [mm] tb 2 (1–3) 
Cell Angle [˚] α 33 (1–42) 

(Deformation [mm]) def 7.4 (1–9.8) 
Crossbeam [mm] cb 11 (2–12.1) 
Fillet Radius [mm] fr 0.47 (0.1–1.3) 

 

Table 3-2: Model material properties 

Material Property [unit] Value 
PZT: 

PIC151 
(Piezo- 
Layer) 
133 

Density [kg/m3] ρp 7500 
Compliance 

Matrix 
[μm2/N] 

'44#  16.83 
'33#  19.00 
'99#  50.96 
'45#  -5.656 
'43#  -7.107 
'::#  50.96 
';;#  44.97 

Coupling 
Matrix  
[pC/N] 

d31 -214 
d33 423 
d15 610 

Relative 
Permittivity 

ε11 1936 
ε33 2109 

Epoxy 
(Glue) 

Density [kg/m3] ρg 1250 
Poisson’s Ratio νg 0.35 

Elastic Modulus [GPa] Eg 1.00 
Steel: 

EN 10130 
(Substrate) 

Density [kg/m3] ρs 7870 
Poisson’s Ratio νs 0.29 

Elastic Modulus [GPa] Es 200 

 

(a) 
Thicknesses not to scale
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An equivalent plain energy harvester was also modelled to provide a baseline. 

It used a solid rectangular substrate with the same dimensions as described 

above but has no auxetic region. The piezoelectric material and excitation 

remained the same, and the epoxy layer filled the square area under this layer. 

To account for the imperfection in the adhesive’s bonding, thin elastic layers 

(TELs) were included at the epoxy’s interfaces with both the substrate and the 

piezoelectric material. The TELs are a spring boundary condition in COMSOL 

which connects the opposing faces purely via visco-elastic forces, proportional to 

their relative displacement and velocity. The stiffness, i.e. spring constant per unit 

area, ka, can be controlled; a high ka corresponding to a stronger bond. These 

were necessary as the expected output without them was implausibly high; of the 

order of 0.6 & 1.5 mW from a mere 100 με excitation in the plain & auxetic models 

respectivelyk. By comparing the plain model under a range of ka to the empirical 

work of Pozzi56 (which used piezoelectric layers of the same size, in a similar 

surface mounted setup, with the same bonding agent), the required value of 

spring constant was found to be of the order of 100 GN/m3. Part of the 

experimental testing would be to establish an empirical value for this fitting 

parameter. 
 

3.1.2 Auxetic Region Parametric Study 
The key parameters defining the shape of the substrate’s re-entrant 

hexagonal auxetic region are the beam width, tb, the deformation angle, α, the 

crossbeam length, cb, and the filleting radius in all the corners, fr. The parametric 

sweep study was used to optimise the auxetic region. The peak stress in the 

piezoelectric layer was almost always found to be less than a third of its tensile 

strength (35 MPa92,93); well below the 30 MPa safety factor. The limiting stress 

was in the substrate itself (yield strength: 280 MPa; safety limit: 200 MPa). The 

peak stress here would occur in one of the outward flexing corners; fluctuations 

seen in sections 3.1.2.1–3.1.2.4 are accompanied by a change in the most 

stressed corner. Its value and location varied slightly with different mesh qualities, 

but had sufficiently converged at the element size used here. The value of the 

 

k This model was subsequently replicated in ANSYS by a master’s student who found a 

similar overestimate in voltage output without these TELs, for both plain and auxetic models.  
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power output remained stable even at quite low average mesh qualityl. Due to 

changing geometry during parametric sweeps the average element quality could 

vary between 0.6–0.7, with a typical minimum of 0.1–0.2. These values are 

sufficient for reliable modelling. The mesh was built from triangular prisms 

projected through all layers of the model, with many smaller triangles packed 

more densely around narrow and corner regions to have sufficient data regarding 

critical regions while reducing computation time. This mesh construction method 

was used for all models discussed in subsequent chapters, with similar element 

qualities. An example of the auxetic mesh is shown in Figure 3-2.  

 
Figure 3-2: Example mesh viewed from underneath: (a) auxetic substrate and 

(b) Corner closeup, with PZT layer highlighted in blue; (c) Element quality histogram. 

The following four subsections present a case study path, taking the result 

from prior steps onwards. The original process comprised many of these iterative 

pathways, beginning from different starting points to ensure that the outcome was 

consistent. Each pathway's results are based on at least 50 gradations between 

the minimum and maximum value of the parameter. Examples of the changing 

parameter’s effect on the structure are given in part (c) of each figure to aid 

understanding in what they determine. The starting point here was: α = 35˚; 

fr = 0.3 mm; with no crossbeam. The input was 10 Hz oscillation of 250 με, with 

the TELs’ spring constant fixed to 100 GN/m3 throughout. 

 

l Mesh element quality is a value between 0 and 1, here determined by the skewness of the 

triangular mesh elements; i.e. how sharp the angles are and how much the side lengths differ 

(in a single element, and across the whole mesh). A lower value indicates a less reliable result. 

(a) 

(b) (c) 
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3.1.2.1 Beam Width 

The effects of varying the beam width, tb, on the power output and the peak 

stress of the substrate are shown in Figure 3-3(a). The average stresses in the 

PZT are shown in Figure 3-3(b), along with the power output for comparison; this 

shows how each axis contributes to the power, with reference to equation 2–9. 

As the beam width increases, the power arcs, with a maximum at 2.4 mm of 

51 μW. The power’s initial rise is due to the greater rigidity and contact area giving 

the beams more authority to strain the PZT. Beyond 2.4 mm the beams become 

too stiff, thus reducing the stress concentration effect and the transfer of strain to 

the PZT. Figure 3-3(b) shows the beam width affects the axial (i.e. parallel to the 

applied strain) and lateral (along the y-axis) stress components in a similar way, 

indicating bt primarily affects the overall stiffness of the auxetic region. 

 
Figure 3-3: (a) Simulated power output from PZT (solid, smooth) and peak stress in 

substrate (dotted) against beam width, tb; (b) Average piezo stresses in axial (dashed) 
and lateral (dot-dashed) directions, compared to power, against tb; (c) Selected 

examples of tb’s effect on the structure. 

The peak stress of the substrate generally increases with tb despite the 

constant input strain. This can be attributed to the additional material in the flexing 

corners resisting motion. To help keep the substrate within the yield stress limit 

tb = 2 mm was selected. The use of thinner beams is sub-optimal when 

considering only beam width, but allowed more space for a crossbeam; as 

discussed in section 3.1.2.3. 

 

3.1.2.2 Re-Entrant Deformation Angle 

How far the design re-enters itself is defined here by the deformation angle, α, 

but it could also use the deformation length, def; both are shown in Figure 3-1(b). 

This controls how far the unit can expand outwards when the structure is under 

tension. As the angle grows, stress is concentrated into tighter corners, but the 

(b) 

tb=1 
 
 

2 
 
 

3 (c) (a) 
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length of the beams also increases which can distribute their stress along a wider 

area; becoming less stiff overall. These factors explain the initial rise and 

subsequent fall in the peak stress shown in Figure 3-4(a). The optimum power 

output occurs at 30˚ (def=6.3 mm). Figure 3-4(b) shows that most of the power 

gain here comes from the lateral stress component, with only a small increase 

due the axial stress (from the reduced overall stiffness). The selected deformation 

is 33˚ (7.4 mm) as, as the lowered peak stress is desirable. 

 
Figure 3-4: (a) Simulated power from PZT & peak substrate stress Vs. deformation 

angle, α; (b) Axial & lateral average stresses in PZT Vs. α; (c) α example structures. 
 

The bump in the power output curve from around 15–20˚ is due to the angle 

of tension in the beams. Up until this region, the outward flexing corners in the 

middle of the substrate (between the angled beams and the truncated vertical 

ones, where the crossbeam will be added in the following section) are more than 

half the beam width further out than the inner corners between the angled beams 

and the rest of the substrate (where the peak stress usually arises). The tension 

is thus going across the angled beams. Through the raised portion, the corners 

become progressively closer to being in a horizontal line, making the tension 

more in-line with the beams and causing the peak stress to occur in the middle 

corners. The dip at around 20˚ marks the point where this tension is parallel to 

the applied tension, and thus there is only a minimal auxetic response (lowering 

the power output at this point). Beyond this angle, the beams are sufficiently re-

entrant to push outwards again, stretching the PZT and increasing its output. 

 

3.1.2.3 Crossbeam Length 

A crossbeam is added to the truncated ends of the auxetic region to provide 

additional grip to the piezoelectric layer, which aids lateral strain transfer. 

Figure 3-5(b) shows all the benefit arises through this lateral component. 

Figure 3-5(a) shows the greatest output would be obtained when the crossbeam 

α=5˚ 
 
 

20˚ 
 
 

30˚ (b) (a) (c) 
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is as wide as can physically fit into the available space (12 mm long); this full 

width would cause excessive stress in the PZT (where the two beams approach 

each other) and likely cause cracking here, as well as being difficult to laser cut. 

The substrate’s peak stress otherwise remains quite stable throughout. Therefore, 

a length below this spike is chosen: 11 mm, around 91% of the available space. 

 
Figure 3-5: (a) Simulated power output and peak stress in substrate against 

crossbeam length, cb; (b) Axial and lateral average stresses in PZT against cb; 
(c) Effect of cb on the structure. 

 

3.1.2.4 Filleting Radius 

Sharp corners in the auxetic region, especially if flexing outwards, are prone 

to excessive stress concentration. Figure 3-6 shows the effect of filleting these 

corners to different radii; from the minimum most laser-cutters can achieve, 

0.1 mm, up to the maximum curvature that fits behind the crossbeams, 1.33 mm. 

The reduction in power at larger radii is due to the added material in the corners 

which impedes flexing; this also accounts for the slight rise in substrate stress 

found in Figure 3-6(a) beyond ~0.6 mm. Figure 3-6(b) shows that the filleting 

radius affects both axes similarly. To maintain power while minimising the 

substrate’s stress, filleting radius of 0.47 mm was selected.  

  
Figure 3-6: (a) Simulated power output and peak substrate stress Vs. filleting 

radius, fr; (b) Axial and lateral average stresses in PZT Vs. fr; (c) Example fr structures. 
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3.1.3 Modelling Results 
The selected parameters (Table 3-1) result in an auxetic structure which 

would produce 66.8 μW from the given excitation (10 Hz, 250 με), while keeping 

the substrate’s peak stress to 191 MPa. This peak is found at the apex of a corner 

flexing outward, see Figure 3-7(b). The peak stress in the piezo was almost 

always found to be <11 MPa, less than third of its tensile strength (35 MPa92,93). 

The baseline for comparison was the plain harvester. Under the same model 

excitation, this generated 5.8 μW; with a peak stress of only 86 MPa (where the 

free substrate met the clamp, see Figure 3-7(a)). The final auxetic structure has 

power output 11.5 times higher than this plain. This gain factor was constant 

between structures when subjected to any matching excitations. 

The modelled stress distribution in both designs are shown in Figure 3-7(a), 

with a slice view of the auxetic region substrate in Figure 3-7(b), and another of 

the piezoelectric layer alone in Figure 3-7(c). Note that the plain substrate has its 

stress distributed evenly along the free region (the green area between the 

clamps). By contrast, the auxetic substrate concentrates that stress into the 

pliable auxetic region. This concentration is an aspect of its power gain. 

 
Figure 3-7: (a) False colour image of von Mises stress in: (a) Plain (upper left) and 

Auxetic models; slice through (b) auxetic region of substrate; (c) both piezoelectric 
layers (on independent colour scale). Colour ranges capped for visual clarity. 

 

(b) (a) 

(c) 
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The lateral stretching of the piezo is however the more significant factor in the 

gain. The mean axial stress in the PZT is 3.0 MPa for the auxetic harvester, and 

1.9 MPa for the plain one (a gain of 1.58, from the prior concentration effect). 

Meanwhile, their mean lateral stresses are 1.8 MPa and -0.46 MPa respectively; 

the sign change shows the piezo is placed in both axial and lateral tension by the 

auxetic substrate (with 3.91 times the magnitude). The combined effects lead to 

the 11.5 fold increase in power. The axial and lateral stress distributions in the 

PZT on both models are shown in Figure 3-8. 

 (a)     (b)    
Figure 3-8: (a) Axial, 11, and (b) lateral, 22, stress distributions in PZT. Upper row 

shows the plain sample results, and the lower row shows the auxetic concentration. 

 

The value of 100 GN/m3 for the bonding adhesion, ka, in the TELs was an 

assumption, and Figure 3-9 shows how the power at optimal load and peak 

stresses could be expected to vary with different spring constants (all at the same 

excitation as before). This demonstrates how a tighter bond (higher ka) could lead 

to PZT damage from a given excitation; while it has much less impact on the 

stress in the substrate. 
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Figure 3-9: Comparison of simulated power output and peak stresses of Auxetic 

and Plain harvester designs against spring constant, ka, in their Thin Elastic Layers. 
 

The power output against ka value is approximately linear in the region of 

interest (100-250 GN/m3, see section 3.2.4) for both harvesters. Equations 3–

2 & 3–3 define the fits to these respective regions (in the same units as Figure 3-9, 

with associated R2 values). These were used to determine the appropriate ka 

values to emulate a given sample from its experimental output. 

)&-./0 = 0.1394	1. − 8.9016	;  '" = 0.9972 Eq.3–2 

).123'/4 = 1.3590	1. − 73.9508	; '" = 0.999 Eq.3–3 

 

3.2 Experimental Method 

3.2.1 Sample Manufacture 
All plain and auxetic substrates were laser-cut from mild steel (BS EN 10130). 

Epoxy resin (Scotch-Weld™ 460134) was applied to the substrate surface and 

then the PZT layer (PIC151 from Physik Instrumente133) was placed on top. 

Excess epoxy was removed where possible. The sample was clamped between 

two melaminem coated MDF slabs in a vice for >24 hours while the epoxy cured 

at room temperature. Wires were then soldered to the PZT’s electrodes. Three 

auxetic and two plain samples were successfully fabricated and tested; labelled 

with a letter if auxetic or a number if plain, and all shown in Figure 3-10. 

 

m Melamine is a resin used for whiteboard surfaces. It provides a smooth, flat surface which 

is also quite resistant to epoxy; this was subsequently improved upon, see section 4.1.1. 
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Figure 3-10: Three Auxetic (A, B & C) and two Plain (1 & 2) samples after epoxy is 

cured and wires attached. 

3.2.2 Experimental Setup 
For experimental validation, the harvester samples were clamped in an 

Instron ElectroPlus™ E10000 to a depth of ~20 mm at each end, as shown in 

Figure 3-11. The machine applied a harmonic strain to the sample for 10 s at an 

amplitude of 250 με peak-to-peak (i.e. a total displacement of 10 μm) at a 

frequency of 10 Hz to compare to the computer model. The excitation was 

controlled by displacement and was preceded by a 3 s linear extension to the 

midpoint of the excitation, 1 μm more than the mid-to-peak amplitude (i.e. to 6 μm 

in this case) to keep the sample in tension throughout the test; this was relaxed 

to zero displacement between tests. This adds to the maximum applied force, but 

only the oscillation amplitude affects power. The harvester’s output wires were 

connected to a variable resistor (1-999 kΩ) to act as a load. The voltage across 

this variable resistor was recorded by a data log (National Instrument cDAQ-9174 

with NI 9229 card) at 2000 samples per second. The total load resistance 

becomes the variable resistor in parallel with the 1 MΩ input impedance of this 

data log. The excitation was repeated 15 to 25 times at different load resistances 

to obtain the spread of datapoints shown in section 3.2.4; the optimum load and 

maximum power output could be found through fitting these points. The amplitude 

or frequency of the excitation was changed, and the tests repeated. 

 
Figure 3-11: An auxetic piezoelectric energy harvester installed in the Instron. 
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3.2.3 Data Analysis 
To find the average power generated over a cycle, the instantaneous power, 

Pi, was calculated (P5 = V5"/R) for each voltage measurement, Vi, at the load 

resistance throughout that test, R. The instantaneous energy, Ei, over the time 

interval, ti, was calculated (=/ = )/ 	>/) and integrated with the cumulative trapezoid 

method to find the accumulated energy. Its gradient is approximately linear after 

a few seconds (the Instron has an envelope on the excitation for its own, and the 

sample’s, protection); this gradient is the average power output. This method 

generally gives a near identical result to averaging the instantaneous power over 

that period, but unambiguously eliminates the rise time while also filtering out 

large spikes. This gradient then becomes a datapoint on the results shown in 

section 3.2.4. An example of raw data, taken from Plain 2 excited at 10 Hz, 

250 με, 478 kΩ (load includes NI interface), is shown in Figure 3-12 (the Instron 

excitation and voltage measurements are independent so the time axes are only 

synchronous for parts (b-d)).  

 
Figure 3-12: Example set of raw results showing a typical (a) Input Displacement, 

with the resultant: (b) Voltage output, (c) Instantaneous Power output, and 
(d) Accumulated energy with linear fit (dashed gradient is the stabalised cycle power). 

Once the cycle power was found at each load, the optimal output was found 

by comparison to equation 3–455,75; here equation 3–5 factorises the fitting 

parameters between this and equation 3–6. Equation 3–4 assumes the stresses, 
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T1, T2, & T3n, on the piezoelectric material are of constant and uniform sinusoidal 

amplitudeso, however this is rarely the case. Fortunately for fitting purposes, their 

equivalent values did not need to be calculated. For any given excitation of a 

particular sample, both factors are constant across any load resistance.  

? = 6("())<

"9!:6<;"()	*7*88	
=6	?6
@6

=
<
>
(A$!%! + A$"%" + A$$%$)"  Eq.3–4 

A = (2EF)"(A$!%! + A$"%" + A$$%$)" 2⁄  ; B = I2EF	$?$$$ 	J&	K& >&⁄ L" Eq.3–5 

M = @	A

!:B	A<
  'C&' = 1 √O⁄  ; )C&' = P 2√O⁄  Eq.3–6 

The experimental results against resistance shown in section 3.2.4 used a fit 

of the form of equation 3–6; the optimum load and power output were then found 

directly from its fitting parameters. If this load fell outside the tested resistance 

range then it could only be considered a guideline because the fitting becomes 

unstable without data either side of its peak. 

Error bars were derived from the noise floor and accuracy of all the measuring 

instruments, the quality of data fitting at each step, and a factor to account for 

variations between repeated experiments (arising largely from misaligning the 

sample in the clamps, i.e. deviations from vertical or intended clamping length). 

 

3.2.4 Results and Discussion 
Figure 3-13 shows the experimental results from each of the five harvester 

samples when excited at 10 Hz, 250 με, alongside their equivalent simulations. 

The optimum power output and load resistance of each sample was found 

through the above method, and are listed in Table 3-3. The simulation emulating 

each sample uses the ka value which delivers this optimal output, using 

equations 3–1, 3–4 and Figure 3-9; at 10 Hz, the model’s optimum load is 384 kΩ. 

The ka values are all in the expected order of magnitude, though up to double the 

assumed value, and are in reasonably close agreement to each other.  

 

n T3 is negligible beside T1 and T2, at least for surface mounted piezoelectric materials. 
o If all strains on the piezoelectric material are known, constant, and uniform, then the 

rightmost bracket of eq.3–4 can be replaced with ()34&4 + )35&5 + )33&3)5. S3 is not negligible. 
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Figure 3-13: The experimental and simulated results from five harvester samples 

when excited at 250 με, 10 Hz. Simulation for each sample shown with TEL ka value to 
meet its optimal output. 

 

Table 3-3: Optimum values from Figure 3-13, with matching TEL spring constant, ka. 

Sample ROpt [kΩ] POpt [μW] Gain ka [GN/m3] 
Plain 1 474 13.8 — 163 
Plain 2 477 14.1 — 165 

Auxetic A 373 149.3 10.7 164 
Auxetic B 349 202.1 14.5 203 
Auxetic C 398 126.8 9.1 147 

 

These results show that the auxetic samples generated dramatically more 

power than the plain ones from the same excitation. The gain of each sample 

(comparing its optimal output to the average of the two plain ones as its baseline) 

is listed in Table 3-3. The average gain due to the auxetic region was found to be 

11.4 times. 

The two plain samples were near identical in their response, but the auxetic 

samples each varied significantly from each other. Repeating tests with the same 

sample produced quite stable results, as demonstrated in Figure 3-14; the slight 

differences arose due to imperfect alignment of the sample when positioning it 

into the Instron. The difference between samples can be explained by excess 

epoxy having leaked into the flexing corners of the auxetic region, increasing the 

sample’s stiffness by an uncontrollable degree. This only affected the auxetic 

samples, as excess epoxy leaking out the sides of the plain samples had no 

significant impact on their overall stiffness. Tuning the ka value can account for 

this in a model. An automated fabrication process would greatly reduce this issue. 
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Figure 3-14: Repeatability tests at 10 Hz, 250 με on a given sample, using: 

(a) Plain 2 and (b) Auxetic B; note its final dataset came after a small crack developed 
in the PZT. 

 

The gain factors from this input are also constant for different excitations. 

Figure 3-15 shows that as the amplitude of excitation is increased (while keeping 

the same frequency) the power output will increase quadratically. Figure 3-15 

also shows two datapoints taken after hairline cracks formed in the piezoelectric 

layer during the test at 13 μm (325 με). These apparently superficial cracks, 

indicated in Figure 3-16, were only found upon shining a bright light through them. 

These datapoints have been excluded from the quadratic fitting on this basis. 

 
Figure 3-15: Experimental and simulated results of optimal power outputs from 

plain and auxetic samples excited at a range of strain amplitudes, all at 10 Hz. 
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Figure 3-16: Photograph of cracked PZT on auxetic sample. Damage indicated in 

red rings. 

Figure 3-17 shows the experimental and simulated effects of increasing the 

frequency of the applied excitation (while keeping the same amplitude). This 

resulted in a linear increase in power output. No auxetic sample remained 

undamaged long enough to obtain a full set of frequency sweep results. The 

presented results from sample B are therefore only to indicate that the auxetic 

samples also has a linear relationship, even when cracked (note that these 

excitations were not contributing significant further damage, as their amplitude 

was less than the cause of the crack). This damaged piece of PZT was still able 

to achieve a greater output than the plain sample. The simulated auxetic output 

now only accurately predicts the 10 Hz datapoint from which it was determined. 

The plain sample’s simulation is well correlated to the experimental results. 

 
Figure 3-17: Experimental and simulated results of optimal power outputs from 

plain and auxetic samples excited at a range of frequencies, all at the same 250 με 
strain.  

 

0 5 10 15 20
Frequency [Hz]

0

50

100

150

200

Po
w

er
 [

W
]

Frequency Sweep at Fixed Amplitude
Plain
Auxetic (damaged)
Simulations

Undamaged sample



56 

All simulations shown in Figure 3-15 and Figure 3-17 maintain the same ka 

values for each sample; as given in Table 3-3. When the input strain was changed, 

this value continued to yield a close match to the strain sweep; until the stress 

became too high and the PZT cracked. Naturally this damage made the same ka 

value ineffective at predicting the auxetic sample in the frequency sweep. The 

linear relation remained consistent however, and the simulation matched the 

plain sample well. That the same ka value can be used to accurately predict a 

sample’s harvested power under a range of tolerable conditions indicates it is a 

suitable method for modelling the adhesion strength of the bonding layers. 

This cracking was an issue for the auxetic harvester. Sample A cracked during 

a test at 14 μm (a maximum applied load of 230 N), and sample C broke shortly 

after its first test at 10 μm (196 N). By comparison, a plain sample at the 10 μm 

excitation experienced 370 N peak-to-peak, and up to 730 N (during the 20 μm 

excitation), with no damage. The stress concentration effect was too strong. 

The original design simulations indicated that the peak stress in the PZT 

would be within the safety factor (30 MPa) of its tensile strength (35 MPa92,93) 

even above 500 με input, but with was while assuming ka=100 GN/m3. As shown 

in Figure 3-18 (and suggested by Figure 3-9) a stronger bond might push the PZT 

over its stress limit at smaller excitations. Revising the simulation to 200 GN/m3, 

the maximum strain input safely below the limit would be 385 με. Recall that to 

keep the sample in tension the maximum strain on the sample will be 1 μm (25 με) 

more than the stated peak-to-peak strain, suggesting a maximum excitation of 

14.4 μm peak-to-peak. This is still more than any auxetic sample endured, 

perhaps due to crystal imperfections or defects introduced during fabrication. A 

larger safety factor is used in later chapters, limiting peak PZT stress to <25 MPa. 

 
Figure 3-18: Simulated peak stress in PZT on auxetic substrate when under various 

excitation amplitudes (peak-to-peak), with two different ka values in the TELs. 
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Even with this larger safety factor, it’s clear this auxetic energy harvester 

would be unsuitable for applications in turbulent high-strain environs, such as 

aeroplanes, and would be more useful for infrastructure monitoring; where strains 

are typically <200 με33 and predictable in advance. The auxetic design could 

concentrate these small ambient strains, focusing them into the piezoelectric 

layer and thus generate a more useable power output in areas otherwise 

considered unviable for harvesting. These proof of concept pieces were a step 

toward this, but were too small to generate sufficient power for remote sensor 

nodes. They have provided some validation of the design method. 

The natural development of this auxetic design would be a multi-unit re-

entrant honeycomb as the auxetic region, akin to the example shown in 

Figure 2-8, under a larger piezoelectric layer, to harvest more energy; see 

chapter 5. The TEL’s ability to model the epoxy's bonding strength still required 

further investigation. Since the PZT cracking was a significant limitation, an 

investigation into stronger piezoelectric materials was also launched; see 

chapter 4. 

 

 

3.3 Conclusion 
The work in this chapter has shown that a simple auxetic geometry can deliver 

a significant increase of 9.1-14.5 times the power output of a strain energy 

harvester over a baseline plain equivalent. The gain factor of a sample remained 

constant for any matching input excitation. This improvement was achieved with 

the aid of a finite element model to optimise the prospective design for power 

output, within material stress limits. The modelling process required thin elastic 

layers to account for the imperfect bonding between the epoxy and other 

components, which served as a fitting parameter to the model. The bonding was 

stronger than initially anticipated, which led to many instances of the PZT 

cracking during tests of the auxetic samples. The modelling procedure and 

concept were nonetheless proven as quite effective. 
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4 Experimental Study of Lithium Niobate 
Piezoelectric Material 

Following on from the previous chapter, where the auxetic substrate brought  

more power from the PZT but also broke it under modest forces, a stronger 

material was sought. A set of single crystal lithium niobate (LN) elements made 

were supplied by Ausrine Bartasyte and Giacomo Clementi of the Femto-ST 

Institute82. These were the same size and thickness as the PZT used previously, 

so a direct comparison can be drawn by using the same substrate design.  

This short chapter will begin by discussing the sample manufacture, testing 

procedure, and data analysis methods in section 4.1. These are largely similar to 

the prior method, though because of LN low permittivity a high impedance 

SourceMeter was required for voltage measurements. The resistance sweep 

process was also automated; these are both covered in subsection 4.1.2. 

Following this are the LN results and discussion in section 4.1.4, including a 

comparison to PZT. Finally the conclusions on LN are given in section 4.2. 

 

4.1 Method 
4.1.1 Manufacturing 
The LN samples were all manufactured in a similar way to the PZT ones, as 

discussed in section 3.2.1. Each substrate was laser cut from mild steel 

(BS EN 10130), epoxy was applied (Scotch-Weld™ 460134) to the middle area 

and the LN piece placed the on top. To ensure the crystal’s Y-128˚ cutp was 

correctly aligned to the substrate, the LN was supplied with a mark on each top 

right corner. The samples were left to cure for over 24 hours under pressure 

between two wooden boards with card covered in resin proof tape135, q. The mirror 

smooth aluminium electrodes on the LN were more difficult to solder to, so thinner 

wires were used to reduce the thermal mass. Four samples were successfully 

made: two plain and two auxetic. They were made in two pairs: Plain 1 & 

 

p This angle was intended to ensure the LN would be most resilient to applied stress. 
q The tape prevents the epoxy from binding to the surface135, then the card backing allows 

for a safe peeling off. The card layers were held together with spots of Blu Tack to prevent 

constituents sliding around during the application of pressure. 
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Auxetic A, and Plain 2 & Auxetic B; all shown in Figure 4-1. The former pair used 

less pressure than the latter pair, due to excessive caution, resulting in a glue 

layer ~10 μm thicker and a lower power output, as shall be seen in section 4.1.4. 

The latter pair’s glue was similar to the thickness of the original PZT samples. 

 
Figure 4-1: Photograph of lithium niobate samples. The two on the left are plain, the 

two on the right have auxetic substrates. The excess epoxy may be seen in white. 

 

4.1.2 Experimental Setup 
As the samples are similar to the prior PZT ones, the testing method is also 

similar to that described in section 3.2.2. The sample is clamped to a depth of 

20 mm at each end into the Instron, which applies a sinusoidal extension of a set 

amplitude and frequency. Prior to excitation the sample is pre-loaded to 1 μm 

more than the amplitude to ensure the sample is in tension throughout.  

The first difference was the use of the Agilent U2751A Switch Matrix relay to 

ratchet through the different load resistances; shown in Figure 4-2. It connected 

one of the four row resistors (R1-R4 in Figure 4-3) to one of the eight column 

ones (C1-C8 in Figure 4-3) in turn, giving 32 possible resistance values; a 

diagrammatic circuit is shown in Figure 4-3. With this, the load resistance on the 

sample could be steadily increased without having to stop the Instron’s excitation; 

allowing a continuous 200 s long sinusoidal input and making data collection 

much quicker. The voltage measurements were started only after the excitation 

had achieved a steady amplitude (this took 1-5 s, depending on frequency). 

Without this rise time appearing in the voltage data, less than five seconds were 

required at each load before switching to the next one. The total voltage recording 
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thus took 160 s (which allowed some leeway during testing). Before use on the 

LN samples, this was trailed on the surviving plain PZT ones from the previous 

chapter and the resulting power output was almost identical; see Appendix B.I. 

The other change to the method was use of the Keithley 2612b System 

SourceMeter® to measure the voltage. This was required because the impedance 

of the LN at low frequencies (<60 Hz) was higher than that of the LabVIEW 

interface (~1 MΩ)r. The SourceMeter’s internal impedance is ~1 GΩ and was 

therefore suitable. It could only run at 500 samples per second to keep the whole 

record, but this was sufficient for analysis.  

 

 
Figure 4-2: Photo of SourceMeter and Switch Matrix connected to the resistor 

array. 

 

 

r Using this caused an apparent saturation of the power output above an optimum load. 

Switch Matrix 

SourceMeter 

Resistor 
array 

Piezo connection 

LabView 
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Figure 4-3: Diagram of Switch 

Matrix circuit. During a measurement 
one R node is connected to a C node to 
provide the load on the LN layer in turn, 

giving 32 combinations per test. 

 

Table 4-1: Resistance values for 
Switch Matrix nodes, shown in 

Figure 4-3. Total resistance is R(i)+C(j). 

Row / Column 
Node 

Resistance 
[MΩ] 

R1 0 
R2 25.829 
R3 55.652 
R4 81.19 
C1 0.999 
C2 2.200 
C3 3.302 
C4 4.702 
C5 6.870 
C6 10.307 
C7 15.972 
C8 20.065 

 

 

4.1.3 Data Analysis 
With the automated resistance sweep the data processing was modified from 

that used prior. Figure 4-4 shows an example of an (a) input excitation and (b)-(d) 

the resulting electrical outputs of the Auxetic B sample excited at 10 Hz, 10 μm. 

Note, these electrical measurements’ time axes are offset to the excitation. The 

Switch Matrix initial activation and switching between states every 5 s could 

cause spikes in the measured voltages, which may be seen in Figure 4-4(b). All 

voltage data within 0.25 s either side of these switches were thus filtered out from 

the subsequent analysis to remove these transient electrical effects (leaving the 

white spaces in parts (c) & (d)). This gave 4.5 s of steady voltage signal at each 

attached load resistance from which to calculate the cycle power output as 

described in section 3.2.3. An average of the instantaneous power in this 

timespan would give a good estimate of the average power, but if the signal were 

near the noise floor (most common for the lower amplitudes and frequencies, 

 

s The Switch Matrix is briefly open, with only the SourceMeter’s internal impedance as load. 

R2
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R3

R4
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especially from the plain samples) then this could bias that average. The gradient 

of the accumulated energy at each resistance was therefore used as before. At 

most excitations the difference was negligible. This set of gradients then supplies 

each point in the power verses load results shown in section 4.1.4. 

 

Figure 4-4: Example of a single 250 με, 10 Hz excitation from the auxetic B sample, 
showing: (a) Input displacement against time; with the resulting (b) Voltage output, 
(c) Instantaneous power output, and (d) Accumulated energy at each resistance.  
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4.1.4 Results and Discussion 
The best resistance sweep results from each sample excited at 10 Hz, 10 μm 

(250 με) are shown in Figure 4-5. The optimum load and power outputs are listed 

in Table 4-2, derived using equation 3–6. This fit’s optimum is often a slight 

overestimate compared to the data, presumably due to the LN’s off-axis cut, but 

overall reflects the expected piezoelectric behaviour. These results demonstrate 

a clear difference between the first pair of samples made (1 & A, dot-dashed lines) 

and the latter pair (2 & B, solid lines); where the latter plain sample was on par 

with the original auxetic sample. Like the PZT samples discussed in section 3.2.4, 

each sample’s output was consistent under the same excitation; what small 

variations there were related to the inconsistencies in positioning the sample into 

the Instron jaws. 

 
Figure 4-5: Experimental results for the four LN sample harvesters. Power against 

load resistance at a 10 Hz, 10 μm excitation. 
 

Table 4-2: Optimum values from Figure 4-5. Gain factors given compared to their 
co-manufactured plain samples: A/1; B/2. 

Sample ROpt [MΩ] POpt [μW] Gain 
Plain 1 23.4 1.8 — 
Plain 2 15.1 6.9 — 

Auxetic A 22.8 7.5 4.2 
Auxetic B 14.5 24.9 3.6 

 

The fairest way to judge the gain of the auxetic samples was against the plain 

sample manufactured with them, as listed in Table 4-2. The difference between 
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these gain factors is proportionately within the variation found for the PZT 

samples, and can be accounted for in the imperfections of the manufacturing 

process. The difference between the two pairs of samples demonstrates how 

critical the bonding layer can be. More consistent gain would be found with 

industrial fabrication methods. 
 

4.1.4.1 Amplitude Sweep 

Repeating the tests at different excitation amplitudes yields the same 

quadratic increase in power output as found from the PZT in Figure 3-15. These 

results are shown in Figure 4-6. Thanks to the automated resistance sweep, and 

the greater resilience of the LN, data could be taken from a wider range of 

amplitudes. The LN layers on both latter samples withstood 500 με (20 μm peak-

to-peak) with no sign of damage or subsequent diminution in power output. On 

the plain 2 sample, this strain amplitude corresponds to a 752 N peak-to-peak 

range, and 415 N on the auxetic B sample. 

 
Figure 4-6: Results of power harvested from a range of input excitation amplitudes 

for the LN samples, while maintaining a constant input frequency of 10 Hz. 

 

4.1.4.2 Frequency Sweep 

Running the tests at a range of input excitation frequencies produced the 

expected linear increase in power output for all samples, as shown in Figure 4-7. 

In both the frequency and amplitude sweeps, the Plain 2 sample proved a 

superior harvester overall than the Auxetic A harvester.  
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Figure 4-7: Results of power harvested from a range of input excitation frequencies 

on the LN samples, while maintaining a constant input amplitude of 250 με (10 μm). 

 

4.1.4.3 LN Compared to PZT 

The increased strength of the LN over PZT was significant. All LN samples 

could survive excitations up to 500 με (20 μm) without cracking. The plain LN 

sample required approximately the same force as the PZT one to apply this 

excitation (752 N vs. 730 N respectively), but while the auxetic PZT samples 

broke at an applied load of 230 N or less (at a smaller amplitude) the LN auxetic B 

sample endured ~415 N with no cracking. Tests at 250 με before and after the 

high amplitude sweep on the Auxetic B sample both produced a similar output: 

20.9 & 22.5 μW respectively. This indicates that there was no internal damage to 

the LN layer, even at almost double the strain applied to the PZT versions.  

Comparing the LN to the prior PZT results, the power output of LN was 

substantially lower; demonstrated in Figure 4-8. The voltage output from the LN 

was comparable or greater with that of the PZT, but the much higher load required 

for optimal power transfer greatly hindered the LN’s output. The auxetic substrate 

was able to bring the LN over the plain PZT output, but the same substrate under 

a PZT layer delivers significantly more power. If the LN could be doped or mixed 

with other elements to increase its permittivity to nearer 1000 without 

compromising its strength, then it might be considered as a substitute for PZT. 

Alternatively, a sensor with an unusually high impedance it could be a suitable 

load for a LN-powered sensor node. 
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Figure 4-8: Comparison of results from LN and PZT. Power output against strain 

excitation amplitude at fixed frequency (10 Hz). Data from Figure 3-15 and Figure 4-6.  
 

The gain brought on by the auxetic substrate was smaller for LN than that of 

the PZT (9.1-14.5 times), due to the greater strength of the LN layer. This 

increased stiffness makes it more difficult for the auxetic region to strain the LN. 

If the design process began with LN as the piezoelectric material, a different 

substrate design would likely be found to be optimal (probably one with thicker 

beams to provide a more authoritative structure). 

 

4.2 Conclusion 
Lithium Niobate demonstrated it was substantially stronger but produced 

significantly less power than PZT. All LN samples endured 500 με, but their power 

output was barely a tenth of the PZT’s and the auxetic gain was only 3.6-4.2 times 

their plains’. The low output was due in large part to the MΩ resistances needed 

to achieve optimal power transfer. If the material could be doped or reformulated 

in such a way as to increase its permittivity without compromising its strength, 

then it would become a much more viable alternative to PZT which does not leech 

toxic substances. Bartasyte’s group are continuing research into this material82. 
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5 Simulated and Experimental Study of 
Auxetic Strain Energy Harvester 

The proof of concept discussed in chapter 3 showed there is promise in the 

use of auxetic designs in energy harvesting, however the absolute power output 

was quite small. A larger piezoelectric layer would generate a more substantial 

output. This also allows a larger and more complex auxetic region beneath it than 

the previous single re-entrant unit. This chapter develops a re-entrant honeycomb 

array, again using finite element modelling to optimise the auxetic region’s 

parameters. It also discusses the testing of MFC (Macro-Fibre Composite), a 

more flexible alternative piezoelectric material, and comparing it to PZT on both 

plain and auxetic substrates.  

Section 5.1 describes how the new model operates, from the overall setup; 

through the processes of finding the best auxetic region through parametric 

sweep and subsequent optimisation, and the model results. The best design was 

manufactured and tested, as described in section 5.2. These experimental results 

are shown in section 5.2.3, including a comparison to the model results and a 

discussion on the preferable piezoelectric material. The chapter concludes with 

a summary in section 5.3. 
 

 

5.1 Finite Element Model Designing 

5.1.1 Model Setup 
COMSOL Multiphysics® 5.3b was used to model the prospective designs, with 

the optimisation module to find the best design for the auxetic region. This model 

built on the previously validated proof of concept model, developed in chapter 31, 

but with the optimisation module that process was able to explore more of the 

design space more quickly. The larger overall dimensions (given in Table 5-1) 

allowed a more complex auxetic geometry to be used in the substrate. Figure 5-1 

shows an exploded layout of the model. 

To compare bulk ceramic PZT with MFC as the piezoelectric material, a 

standard size of MFC was selected (active area: 85×57 mm, with polyimide film 

protruding out to 103×60×0.3 mm overall89) which informed the size of the PZT 
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layer: 85×60×0.18 mm. The PZT thickness was continued from the proof of 

concept work, though it subsequently needed to be made thicker (0.55 mm) due 

to any supplier’s ability to reliably manufacture and ship ceramic pieces of that 

large an area. For the work in this section, the PZT was still modelled as 0.18 mm; 

all model results from section 5.2.3 onwards use 0.55 mm. PZT thickness is 

shown in appendix C.I to have no significant effect on which auxetic designs 

operate best. Material properties used in these models are listed Table 5-2. 

 

 
Figure 5-1: Exploded view of auxetic model dimensions, values in Table 5-1. 

Table 5-1: Parameter values 
used in the COMSOL model. 

Part Parameter [unit] Value 
Piezo- 
Layer 

Length [mm] Lp 85 
Width [mm] Wp 60 

Thickness [mm] tp 0.18† 0.3*_ 
Resistance [kΩ] R 18.7 47.9* 

Glue Thickness [μm] tg 8 
TEL [GN/m3] ka 200 

Substrate Length [mm] Ls 200 
Width [mm] Ws 60 

Thickness [mm] ts 1.15 
Clamping 

region [mm] 
Lclp 30‡ 
Wclp 26 

* Values for PZT | MFC respectively. 
† During modelling phase; corrected 

to 0.55 mm in section 5.2.3. 
‡ During modelling; corrected: 10 mm. 

 Table 5-2: Material properties used in the 
model. Piezoelectric values for PZT | MFC. 

Material Property [unit] Value 
PZT/MFC 

 
APC 855 

136 
/ 

M8557-P2 
88,89 

 
(Piezo- 
Layer) 

 

Density [kg/m3] ρp 7600 5440 
Compliance 

Matrix 
[μm2/N] 

'44#  16.95 31.89 
'55#  16.95 50.84 
'33#  19.61 112.3 
'::#  55.22 463.0 
'99#  55.22 413.2 
';;#  43.72 188.3 
'45#  -4.910 -11.43 
'43#  -8.004 -13.45 
'53#  -8.004 -19.12 

Coupling 
Matrix 
[pC/N] 

d31 -276.0 -283.4 
d32 -276.0 -223.2 
d33 630.0 513.4 
d15 720.0 560 

Relative 
Permittivity 

ε11 3012 1950 
ε33 3300 2544 

Epoxy 
3M DP 460 

(Glue) 

Density [kg/m3] ρg 1250 
Poisson’s Ratio νg 0.35 

Elastic Modulus [GPa] Eg 1.00 
Steel: 

CS100HTP 
(Substrate) 

Density [kg/m3] ρs 7870 
Poisson’s Ratio νs 0.29 

Elastic Modulus [GPa] Es 200 

tptg
ts

Lp

Ls

Ws
Wp

Lclp
Wclp

Glue

x (11)
y (22)

z (33)

Piezo

Substrate

R

LAR
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The substrate’s overall dimensions were then developed from this layer: 

200×60×1.15 mm. These outer dimensions form its plain structure, used as the 

baseline for the auxetic region’s optimisation. The substrate width is the same as 

the piezoelectric material, and its thickness derives from the prior work1.  

The model emulates how the harvester would be excited by the Instron under 

laboratory conditions. The clamping regions are areas of 30×26 mm (Lclp×Wclp) on 

the top and bottom surfaces in the middle of each end of the substrate; indicated 

by the black outlines in Figure 5-1. These large clamping regions were intended 

to provide a better grip to the substrate than the previous designs, however during 

testing it was found that a shorter clamping region worked better (by allowing a 

uniform strain across the substrate under the piezoelectric material t). In this 

section Lclp was 30 mm, while models in section 5.2.3 used 10 mm to match the 

experiment. At one end these faces were considered fixed. The opposite faces 

were excited by a harmonic prescribed tensile displacement (the maximum peak-

to-peak amplitude). Throughout the design process, an excitation of 10 Hz and 

28 μm peak-to-peak displacement (equivalent to 200 με on the free length of the 

substrate) was used as the expected maximum. A resistor was connected across 

the top and bottom surfaces of the piezoelectric layer; its load set to match the 

impedance of the layer, using Equation 3–1, for maximum power transfer. To 

reduce computation time, frequency domain analysis was used again; as 

demonstrated in appendix A.I.i, this is equivalent to a time-domain analysis.  

The glue between the constituents was modelled with a layer of epoxy 8 μm 

thick. This continued the use of Thin Elastic Layers (TELs) as discussed in 

chapter 31. This boundary condition modelled the imperfect adhesion at these 

interfaces. In section 3.2.4, ka was found to be between 147 & 203 GN/m3 to 

correctly emulate the experimental output. During the following design process, 

ka was approximated to be 200 GN/m3 for all plain and auxetic models. In 

precursor work, shown in appendix C.II, different ka values were found to have a 

largely negligible effect on the relative output from different auxetic designs. The 

results of varying this parameter on the final model will be covered in section 5.2.3. 

 

t This issue is rectified in chapter 6 by making the substrate 300 mm long with Lclp of 25 mm; 

see also appendix C.III. 
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Throughout the design stage the piezoelectric layer was only modelled as 

PZT. Considering it as MFC came after the optimisation, as appropriate 

homogenisation of the effective material properties of this composite remains 

somewhat contested88. The homogenised parameters from Kuang & Zhu88 were 

selected due to them being derived specifically for energy harvesting purposes, 

and were experimentally validated using samples and an excitation method quite 

similar to the plain harvesters used in this work (see also appendix D.I). 

 

 

5.1.2 Auxetic Region Optimisation Process 
The central 82 mm (LAR) of the substrate was given over to the auxetic region. 

This left a 1.5 mm buffer (Lbuf) at either end to give the piezoelectric layer’s ends 

a firm bond to the substrate. The re-entrant hexagon unit, from section 3.11, can 

be repeated to form a honeycomb array; such as the examples in Figure 5-2.  

 
Figure 5-2: Some examples of M×N re-entrant honeycombs. 

An annotated re-entrant unit is shown in Figure 5-3(a). Those units next to the 

edges are replaced by partial units, shown in Figure 5-3(b), with a crossbeam to 

aid in lateral strain transfer. Both base units were built as 2D parts in COMSOL. 

The model packs a whole number of re-entrant hexagon units into the auxetic 

region in both axes: M full units across the substrate (the y-direction in Figure 5-1), 

and N full units along the substrate (its x-direction)u. The units fitted together in 

the manner shown in Figure 5-4. Geometric parameters for the auxetic region are 

listed in Table 5-3, and its input control parameter values in Table 5-4. 
 

 

u It would be possible to build a re-entrant honeycomb framework that is not restricted to 

integer values (easiest to implement by subtracting a regular array of bowtie shapes) but this 

makes the crossbeams neigh-impossible to implement in COMSOL and could lead to many 

broken off beams at the edges or lead the solid regions of the substrate to be weakly attached. 
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Figure 5-3: Parts for Re-Entrant 

Honeycomb Array (a) Hexagonal Unit 
and (b) Edge Unit. Parameters defined 
in Table 5-3 & Table 5-4. A full example 

array is shown in Figure 5-4. 

Table 5-3: Auxetic region definitions 
with parametric variables emboldened, 

see Table 5-4.  

Parameter [mm*] Definition 
Region Length LAR 82 

Aux. Buffer Lbuf 1.5 
Cell Length Lc 3.//O 
Cell Angle 

[rad] α 7QRA4
2T(4+ − VB)

3,WX− T(X− 1)Z
 

tb Adjustment tj VB/(2 =[' <) 

Cell Height Hc 
4+ − 27\

X− T(X− 1) 

Deformation def T × 9, 
Crossbeam CB VB + ]^	3,(1 − VB/2()2) 
Fillet Radius fr 0.5 

* Unless otherwise stated 

 

Table 5-4: Range of input values for 
auxetic region, used during parametric 

sweep and optimisations. 

Parameter [unit] Swept Values Opt. Range 
No. of cells in Ws M 1, 2, 3, 4, 5, 6 [fixed] 
No. of cells in LAR N 1, 2, 3, 4, 5, 6 [fixed] 
Beam Width [mm] tb 1, 2, 3 1 4.5 
Deformation [%] d 25, 30, 40 25 42 
Crossbeam [%] cb 0, 50, 75 40 88 

 
Figure 5-4: Example re-entrant honeycomb array before parts are united. Units 

placed manually are highlighted in blue with colour coded duplication of unit copies. 
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The first re-entrant unit and edge units were manually positioned on one end 

of the auxetic region. The re-entrant unit is then replicated into an interlocked 

column, stacked M units high. That column was then replicated N times along the 

length of the auxetic region to fill it. Sweeping through values of N was easy, but 

the construction of the initial column made sweeping M more difficult. There is a 

significant difference between odd and even values of M: if odd, the edge units 

mirror each other across the substrate; if even, these edges have an offset of half 

a unit length, which breaks the substrate symmetry; the examples shown in 

Figure 5-2 demonstrate this. The simplest solution was having six slight variations 

of the model geometry bundled behind a series of six ‘if M==#’ statements 

(allowing a single parametric sweep to test all forms in one run). Each model 

would then proceed in the same way: replicating this column across, uniting the 

geometry, extruding the substrate and glue geometries, and adding the 

piezoelectric block on top.  

The arrangement of these units was the first aspect to be optimised. 

COMSOL’s optimisation module is not designed to handle a mixture of integer 

and floating parameters, so the first step was a parametric sweep of the 

combinations of values given in Table 5-4. This encompassed all 36 available 

M×N arrays; each array was then modelled with three different beam widths, tbv; 

deformation fractions, d, and crossbeam ratios, cb. The filleting radius, fr, in all 

corners was 0.5 mm throughout, as it has no significant contribution to the output. 

This encompasses 972 variations of the auxetic honeycomb. A few produced 

geometric errorsw (i.e. beam intersections) but most were viable options.  

From the parametric sweep results, the viable arrays found to produce the 

most power, within stress limits, were taken as starting points for the optimisation 

module. The Nelder-Mead137 method was chosen for this optimisation, as it can 

have arbitrary, non-differentiable, constraints; including a maximum stress limit in 

a component. This method first calculates a value for its objective function from 

the given initial parameters, then repeats for a few nearby points until it has one 

more result than free parameters. Each free parameter forms an axis in solution-

 

v Note that half of the beam width is found on each adjoining unit, as indicated in Figure 5-3. 
w COMSOL could have skipped most of these invalid models using a parameter check 

before building the geometry to save processing time, see section 6.2.3. 



73 

space, and by having one additional point a simplexx is formed. The optimum 

within this region is estimated, and this point is tested. A new simplex is formed 

by replacing one point (typically the worst) with the latest one. If it is found to be 

worse than the current points, the next point may be outside the simplex (typically 

reflected from the worst point around the centroid of the remainders); thus the 

simplex iteratively walks around solution space seeking a suitable region to 

collapse into. Its final solution is found once the change from one optimum to the 

next is within a given tolerance (0.001 in this work) or a maximum number of 

iterations is reached. For every tested point, any breached constraint penalises 

its objective function result to steer the solution away. 

A disadvantage of the Nelder-Mead method is that if the initial points cluster 

around a local maximum, then it may give that as its output137. With any non-

differentiable method it is impossible to know whether one has found the global 

optimum, or merely a local optimum137. Repeating the optimisation from different 

starting points until a similar optimum design is reached multiple times was a 

good indication of having found the best parameters for a given array. 

This method was used to find optimal values for beam thickness, deformation, 

and crossbeam length (allowable ranges listed in Table 5-4) for a given M×N 

array. If an optimised result was found at the limit of any range, that range was 

temporarily expanded and the optimisation repeated to ensure it was not 

artificially constraining the design. The objective function was to maximise the 

power output, while constraining the peak von Mises stress in the substrate and 

PZT within material limits (250 & 25 MPa respectively). Each array’s optimisation 

was repeated from slightly different initial values to find a stable design. 

 

5.1.3 Model Results 
The results from the parametric sweep showed a few general tendencies. 

Removing the models that either failed to run, produced geometric errors, or had 

peak stresses over one of the material limits left 542 viable options. These are all 

shown in Figure 5-5, from which can be seen that most of the best models had 

between 4 and 6 units in each direction, while all the worst had 1 or 2 units in at 

 

x A simplex is the simplest shape in n-dimensions; in 1D it’s a line, in 2D a triangle, in 3D a 

tetrahedron, and in 4D it’s a hyper-tetrahedron (a.k.a. 5-cell), etc.  
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least one direction. This suggests more small units have a greater authority over 

the piezoelectric layer than a few large ones, however the limited space in these 

smaller units require thinner beams which diminishes the output.  

 
Figure 5-5: Parametric results of power output against peak stress in the substrate, 

with unviable designs filtered out. Marker shape indicates M value, and colour indicates 
N value, while its size indicates peak PZT stress. 

 

The highest power results from the broad parametric sweep were picked out 

for further optimisation. As can be seen at the apex of the results in Figure 5-5, 

there are some duplicated M×N arrays which would be found within the same 

optimisation solution space, so only the highest power output forms are listed in 

Table 5-5; followed by their optimised versions.  

Table 5-5: Best parametric sweep results, in descending order of parametric power 
output. These designs were optimised to achieve the final values. Chosen design 

emboldened, and depicted in Figure 5-6. 

Parametric Input Values & Results Optimised Parameters & Results 
M N tb 

[mm] 
d 

[%] 
cb 
[%] 

Power 
[mW] 

Peak Stress [MPa] tb 
[mm] 

d 
[%] 

cb 
[%] 

Power 
[mW] 

Peak Stress [MPa] 
Substrate Piezo Substrate Piezo 

6 5 2 40 75 12.48 186.5 23.1 2.0 41.0 81.2 12.50 149.7 22.0 
6 4 2 30 75 12.25 197.0 23.0 2.2 37.5 77.5 13.29 165.2 23.9 
4 3 3 30 75 12.03 192.6 24.7 3.3 39.4 79.0 13.12 158.9 *26.5* 
4 4 3 40 75 11.95 195.5 23.2 3.0 40.4 76.8 11.85 178.1 23.9 

*Repeatedly did not converge to a design within this stress limity. 
 

 

y The issue may have been a failure to normalise all parameters and limits to ~1; the order 

of magnitude difference in the substrate and piezoelectric layers’ peak stresses reduced the 

weight of the latter limit within the algorithm. This has been corrected in chapter 6. 
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The greatest power output after optimisation was found from the 6×4 design 

shown in Figure 5-6: 13.29 mW. This corresponds to a gain of 12.5 times the 

plain output of 1.06 mW. The optimised parameters for this auxetic region are 

therefore: M = 6, N = 4, tb = 2.2 mm, d = 37.5%, cb = 77.5%. 

 
Figure 5-6: Optimised 6×4 auxetic substrate design: (a) overall (with clamping 

regions indicated); and stress distribution in (b) auxetic substrate region and (c) PZT. 
 

When the piezoelectric layer was modelled as MFC instead of PZT, the power 

output for the plain was found to be 1.48 mW, while the auxetic model outputs 

7.25 mW; a gain of 4.89 times. The stress distribution in the MFC was almost 

identical to that of the PZT (shown in Figure 5-6(c)) but all stresses were around 

half as high. 

 

(b) 

(c) 

(a) 
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5.2 Experimental Study 

5.2.1 Manufacturing 
One each of the plain PZT, auxetic PZT, plain MFC and auxetic MFC 

harvesters, shown in Figure 5-7, were manufactured for experimental 

comparison in a similar manner to the previous samples. Both piezoelectric 

materials were too expensive to make duplicates. The substrates were all laser 

cut from stainless spring steel: CS100HTP (chosen for its high tensile strength 

and corrosion resistance). The piezoelectric layer was bonded to the substrate 

with epoxy: 3M Scotch-Weld™ DP 460134. This was clamped in a vice between 

two flat boards for over 24 hours at room temperature to allow the epoxy to cure. 

Output wires were soldered to the electrode surfaces of the PZT, where 

accessible (for the plain PZT sample, the connection was though the reverse side 

of the substrate). MFC has exposed terminals connected to its encapsulated 

electrodes.  

 
Figure 5-7: Annotated photograph of the four harvester samples. Auxetic samples 

upside-down to show substrate design. 

 

5.2.2 Testing 
Each harvester was tested by straining it with a sinusoidal excitation and 

measuring its output voltage, as before. Each sample was first clamped into the 

Instron ElectroPlus E10000, which applies the exciting strain onto the harvester 

at the given amplitude and frequency for 200 s. There is a pre-test extension of 

MFC PZT 
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1 μm more than its amplitude, to ensure the harvester remains in tension. The 

sample relaxes to its starting position between tests.  

To measure the voltage, the output wires were connected to a NI-2992 

interface. Its internal residence (1 MΩ) was in parallel with a resistor array 

controlled by the Agilent U2751A Switch Matrix relay (discussed in section 4.1.2). 

Every 5 s this automatically stepped through one of 32 resistances in the 

1-945 kΩ range. From the measured voltage at each load, the accumulated 

energy was calculated, then the cycle’s power output was calculated (as 

described in section 4.1.3). The optimum output and load resistance was found 

for a range of excitations, and for each sample. 

 
Figure 5-8: Annotated Photographs of (a) Plain PZT sample in Instron, and 

(b) Switch Matrix and resistor relay, with NI LabView interface. 

 

After some initial testing, it was found the clamping length was too large, and 

more power could be obtained with a shorter Lclp. This was attributed to the strain 

being non-uniform by the time it reached the piezoelectric layer. By having at 

least three times the clamping length of free substrate before the piezoelectric 

layer, this effect was minimised, see also appendix C.III. 
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Figure 5-9: Diagram of Switch 

Matrix circuit. For measurements, an R 
node is joined to a C node to provide 
the load on the excited piezoelectric 

material. 

Table 5-6: Resistance values for 
Row and Column nodes, shown in 

Figure 5-9. Total resistance is R(i)+C(j). 

Row | Column 
Node 

Resistance 
[kΩ] 

R1 0 
R2 100.1 
R3 411.5 
R4 845 
C1 1.000 
C2 10.00 
C3 21.88 
C4 32.89 
C5 50.94 
C6 67.1 
C7 79.1 
C8 99.9 

 

 

 

5.2.3 Results & Discussion 
Figure 5-10 shows the power output of all four samples under the same 

excitation (10 Hz, 18 μm (100 με) peak-to-peak). It demonstrates that the auxetic 

substrate delivers a dramatic improvement for both piezoelectric materials. All 

results at their optimal loads are listed in Table 5-7 (note that the theoretical 

optimum loads are 57.01 and 47.86 kΩ for the PZT and MFC respectively). These 

results show that the PZT generated more power than the MFC in both cases (in 

part due to the MFC’s lesser volume of piezoelectric material), but that the gain 

for the MFC was almost double that for the PZT (due to the greater flexibility of 

the MFC compared to the PZT, which gave the auxetic substrate more authority). 
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Figure 5-10: All harvesters’ output when subjected to the same excitation (100 με 
peak-to-peak at 10 Hz using the resistance sweep); with appropriate model 

simulations. 
 

Table 5-7: Optimum results from Figure 5-10, with fitted TEL spring constant, ka. 

Harvester ROpt 
[kΩ] 

POpt 
[μW] 

Gain ka 
[GN/m3] 

Plain PZT  68.6 100.4 ̶ 35.7 
Auxetic PZT  65.9 622.5 6.2 41.8 
Plain MFC  50.5 41.3 ̶ 13.5 

Auxetic MFC  47.1 468.2 11.3 23.8 
 

 

The imperfect adhesion of the epoxy required a revision of the ka value in the 

model’s TELs. Before experimental testing, the value of 200 GN/m3 for the TELs 

spring constant, ka, was assumed. To fit a revised value to the experimental 

results, the models were updated with the correct clamping length (10 mm) and 

thickness for the PZT (0.55 mm), and simulated across a range of ka values at 

the 10 Hz, 100 με excitation; as shown in Figure 5-11. In the region found to be 

of interest (1-75 GN/m3) power is approximately linear with ka. These four fitting 

formulae are listed in equations 5–1-4; where all P are in units of μW and ka in 

units of GN/m3. These allowed the determination of an appropriate ka value to 

emulate the bonding quality of the harvesters from their power outputs. 
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Figure 5-11: Simulated power output of plain and auxetic harvesters against spring 

constant per unit area, ka, in the Thin Elastic Layers (TELs); to be used to compare to 
experimental output under the same excitation: 100 με at 10 Hz.  

 

)D-./0	DEF = 3.3531	1. − 19.433 ; '" = 0.9984  Eq.5–1 

)@123'/4	DEF = 17.333	1. − 101.30 ; '" = 0.9994  Eq.5–2 

)D-./0	GHI = 3.6191	1. − 7.5591 ; '" = 0.9961  Eq.5–3 

)@123'/4	GHI = 24.139	1. − 106.94 ; '" = 0.9999  Eq.5–4 
 

These fitted ka values are listed in Table 5-7, and are all much lower than the 

proof of concept PZT harvesters shown in chapter 31. Previously, ka was in the 

range of 147-203 GN/m3. The difference was at least partly due having stainless 

steel as the substrate. It was much smoother than the former mild steel, and thus 

has a weaker bonding adhesion to the epoxy in each case. The values are similar 

for these four harvesters, though lower for both MFC harvesters due to its 

polyimide encapsulation having a lower surface roughness than the PZT’s 

sputtered electrode for epoxy to bond to. It is also likely that the adhesion loss to 

carbon fibre was already factored into the material parameters by Kuang & Zhu88. 
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(a)  

(b)  
Figure 5-12: Results of all harvesters subjected to a range of input excitations: 

(a) Frequency sweep at 100 με; (b) Amplitude sweep at 10 Hz. 

Figure 5-12 shows the optimum outputs from all harvesters under a range of 

excitations. The model outputs also shown maintain the revised displacement 

and ka values found previously; demonstrating that the same ka value applies to 

any excitation, as before1. All outputs were approximately linear with frequency 

and quadratic with strain amplitude for all harvesters, and the gain factors 

between the auxetic and plain versions are constant in both sweeps. 

This chapter has shown that strain can be concentrated into piezoelectric 

transducers using auxetic designs to deliver usable power outputs. These kinds 

of harvester could provide a better power source for structural health monitoring 

devices or some IoT technologies. Though the MFC produced less power overall 

than the ceramic PZT, the auxetic substrate achieved higher gain. There is scope 

for an further improvement with MFC, since the substrate design was constrained 

by the breaking point of the ceramic and MFC is more resilient in this regard. 
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5.3 Conclusion 
In this chapter, using an auxetic substrate has been shown to dramatically 

increase the power output of a piezoelectric strain energy harvester. Using 

ceramic PZT as the piezoelectric material, 6.2 times the power output from the 

same excitation was achieved (622.5 vs. 11.4 μW at 10 Hz, 100 με). With MFC 

as the active material the gain was 11.8 times (468.2 vs. 41.3 μW at 10 Hz, 

100 με), due to its greater flexibility; though its absolute power output was still 

lower than the PZT under the same conditions. These gain factors are a function 

of the expanded re-entrant honeycomb geometry and chosen piezoelectric 

material, and were constant for any of our excitations. These auxetic designs 

could be applied to harvesting from low-strain environments, such as within 

infrastructure. 
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6 Simulated and Experimental Study into 
Other Auxetic Harvester Designs 

Following the successful larger scale re-entrant honeycomb harvester 

described in chapter 5, the scope expanded into other auxetic structuresz. This 

chapter discusses the testing and optimisation simulations for a revised re-

entrant honeycomb, along with elliptical slits forming rotating triangle, 

parallelogram, and hexagram arrangements, and !-hole based structures. The 

five best auxetic designs were taken forward to the experimental stage to 

compare them empirically.  

This chapter begins with establishing a value for ka on a plain substrate, in 

section 6.1. This was taken into modelling the listed range of auxetic designs, in 

section 6.2. Section 6.3 covers the experimental procedure (which remained very 

similar to that of the prior chapter), with the results and their discussion in 

section 6.3.2. Final conclusions are drawn in section 6.4. 

 

6.1 Plain Redux 
The previous uncertainty in an appropriate value for modelling the bonding 

adhesion made some of the previous auxetic design work somewhat speculative. 

It would have been better to test a plain version of the substrate first, and use that 

to find an appropriate ka (bonding stiffness per unit area) value for their TELs (thin 

elastic layers) to model the adhesion for the auxetic designs. This was done prior 

to the final phase of the auxetic design work. This also allowed a comparison of 

substrate materials: aluminium against the prior stainless steel.  

The substrates used in chapter 5 were 200 mm long. For a rectangular 

specimen, the distance from the tip of the clamp to where the stress is uniform 

across the sample is generally around three times the clamping length; see also 

appendix C.III. Ideally the strain should be uniform by the point it reached the 

piezoelectric material. Previously this would mean a clamping depth of up to 

 

z The basis of these designs were among the preliminary models (before the necessity for 

the TELs, among other factors, were known). This chapter describes a more rigorous analysis 

on these designs, incorporating modelling techniques discussed in prior chapters. 
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13 mm at each end, which wasn’t ideal for gripping. To fix this in these final 

versions, the substrates were 300 mm long, with clamping areas of 25×26 mm. 

MFC was used as the piezoelectric material, though for this subsection using 

pieces that are only 85´30´0.3 mm due to cost. These maintain the same length 

but only half the width to save on cost (it also allowed a comparison to a carbon 

fibre substrate previously investigated in Zhu’s group44,56,88,138; see appendix D.I, 

though their carbon fibre was too brittle for auxetic designs). The MFC, 

CS100HTP steel, and epoxy material parameters used were the same as in the 

previous chapter; listed in Table 5-2. For aluminium 1050 the material 

parameters were: ρAl = 2700 kg/m3, νAl = 0.33, and EAl = 70 GPa. The model 

layout is shown in Figure 6-1, with the experimental samples in Figure 6-2. Due 

to the available stock, the steel was 1.15 mm thick, while the aluminium was 

0.9 mm thick; this was taken into account for the models accompanying the 

experimental results in Figure 6-3, and those of Figure 6-4. Experimental testing 

and data analysis was conducted in the same manner as described in 

section 5.2.2. 

 
Figure 6-1: COMSOL setup of 300 mm 

plain substrates with narrow MFC in blue. 

  
Figure 6-2: Photograph of steel 

(top) and aluminium samples. 

 
Figure 6-3: Experimental results for plain samples under a 10 Hz, 100 με (25 μm) 

excitation, with simulations using appropriate ka values. 
 

0 50 100 150 200 250 300 350 400 450 500
Load Resistance [k ]

0

5

10

15

20

25

30

Cy
cle

 P
ow

er
 O

ut
pu

t [
W

]

Stainless Steel
Aluminium
Steel Simulation
Aluminium Simulation



85 

 
Figure 6-4: Simulations of both plain substrate materials over a range of ka values. 

 

From the results in Figure 6-3, there was little difference in output between 

the two materials as substrate. During the testing the aluminium sample was 

pockmarked by the teeth of the clamps more noticeably than the stainless steel 

was, indicating a better grip. It was also much lighter than the steel, which would 

be an advantage in many commercial applications. Using Figure 6-4, appropriate 

values of ka to emulate these samples were found. For the steel this was 

14.3 GN/m3 (similar to the plain MFC value found in Table 5-7), and for the 

aluminium it was 16.5 GN/m3. These values indicate that the epoxy’s bonding to 

the aluminium is slightly stronger than to the steel. 

Based on these results aluminium was selected for the substrate material and 

modelling throughout the following section will use this ka value of 16.5 GN/m3 for 

the spring constant in all TELs, until otherwise stated. 

 

6.2 Auxetic Region Simulations and Results 

6.2.1 Model Commonalities 
For all the following models, there were many design constraints in common, 

only the design within the auxetic region of the substrate was different. The model 

was built from an aluminium substrate (300´60´0.9 aa  mm), MFC as the 

piezoelectric layer (85´60´0.3 mm), and epoxy as the bonding agent (8 μm thick). 

The excitation was the same 10 Hz, 200 με extension throughout (as an upper 

strain limit) analysed in the frequency domain. This was applied using the same 

 

aa This thickness would later become 1.5 mm, the thinnest available in the required grade. 
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clamping setup as the prior plain structure. Early in the design process it was 

found that the yield of the original aluminium 1050 (~100 MPa) was too low and 

would restrict the designs, so the alloy 6082 T6 replaced it; for modelling 

purposes this had the same material parameters as the original aluminium but a 

yield of ~250 MPa. The stress limits were then 200 MPa in the substrate, and 

17.5 MPa in MFC. This MFC limit was set conservatively low, as the assumptions 

made to homogenise the composite material may fail to account for any localised 

peak stress in its fibres. All parameters and limits were scaled to keep values 

seen by the optimiser in a similar order of magnitude; preventing undue weighting. 

The baseline model for all designs was a plain harvester with full size piece of 

MFC: under the same excitation, its output was 162 μW. 
 

 

6.2.2 For Re-Entrant Honeycomb Array Redux 
With the substrate now longer, made from aluminium, and the stress field 

more uniform, the design optimisation of the re-entrant honeycomb array was 

repeated. The model construction was largely identical to that described in 

section 5.1, except that the range of possibilities was expanded by allowing M & 

N to take integer values up to 7, as exemplified in Figure 6-5; which gave 49 

variations on the re-entrant honeycomb. The parametric sweep values are listed 

in Table 6-1, with these results shown in Figure 6-6. The best results (i.e. highest 

power without exceeding stress limits) from the parametric sweep became 

starting points for the optimiser, as before. The best parametric results are listed 

in Table 6-2, alongside the optimised version of that M×N array.  

 
Figure 6-5: An example 7×7 re-entrant honeycomb substrate design. 

  

Table 6-1: Re-entrant honeycomb inputs for parametric sweep and optimisations. 

Parameter Swept Values Opt. Range Units 
No. of cells in Ws M 1, 2, 3, 4, 5, 6, 7 [fixed] – 
No. of cells in LAR N 1, 2, 3, 4, 5, 6,7 [fixed] – 

Beam Width tb 0.7, 1, 2, 3 1–4.5 mm 
Deformation d 25, 33, 40 25–42 % 
Crossbeam cb 0, 50, 75 40–88 % 
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Figure 6-6: Distribution of re-entrant honeycomb parametric results, with 

overstressed and unviable models filtered out. Marker size indicates peak MFC stress. 
 

Table 6-2: Best re-entrant honeycomb parametric sweep results, in descending 
order of parametric output, and the optimised designs found from them. Final design 

emboldened, and depicted in Figure 6-7 

Sweep Input Values  Sweep Results Optimised Parameters & Results 
M N tb 

[mm] 
d 

[%] 
cb 
[%] 

Power 
[μW] 

Peak Stress [MPa] tb 
[mm] 

d 
[%] 

cb 
[%] 

Power 
[μW] 

Peak Stress [MPa] 
Substrate Piezo Substrate Piezo 

4 3 3 40 75 954 102 7.5 3.118 40.98 81.69 986 102 7.7 
7 4 2 40 75 945 100 6.5 2.108 40.64 82.02 974 102 6.6 
6 4 2 40 75 920 96 6.7 2.213 41.16 82.91 973 96 6.7 
7 5 2 40 75 912 103 5.9 1.835 41.45 82.81 933 97 6.2 
4 4 3 40 75 879 96 6.7 2.824 40.95 79.06 898 109 6.7 
6 5 2 40 75 878 110 6.0 1.940 41.70 82.44 901 103 6.2 
6 3 2 40 75 843 89 7.8 2.422 40.88 84.88 939 96 7.6 

 

Some general tendencies can be extracted from these results. The chaotic 

appearance of Figure 6-6 demonstrates the power output is too unpredictable to 

be calculated by analytic equations, and that the finite element models are 

necessary. The top parametric results show similar trends to those previously 

discussed in section 5.1.3, with some of the best designs being almost identical 

to those found in Table 5-5. Comparing Figure 6-6 and Figure 5-5 there is a 

similar overall spread of results rising from the origin up to the upper right, and 
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familiar clustering of many the N=1 results in the lower left of this main spread in 

both cases. Due to the different materials, these new results are shifted leftwards 

to lower stresses (allowing more of the scattered high stress results to be seen 

within the substrate’s stress limit) and slightly downwards due to the reduced 

output of MFC compared to PZT. The newly included N = 7 designs were 

generally on the lower flanks of the main spread, while some M = 7 arrays were 

found amongst the apex designs; indicating that narrower re-entrant units don’t 

stretch the MFC as effectively as a tall column of stacked units. Designs with 

fewer re-entrant units tended to fare poorly against designs with more, but thicker 

beams (with more authority over the MFC) could overcome this disadvantage. All 

the best parametric results listed in Table 6-2 come from the most re-entrant form 

of that array (40%) with the maximum available crossbeam (75%). These results 

omit some designs with different values for tb, d, or cb accompanying one of the 

already listed M×N arrays (as these gave a lesser power output than this version 

and would be found within the range of the same optimisation); these were often 

used as an alternative starting point to find a stable maximum.  

 

 
Figure 6-7: Selected optimal 4×3 re-entrant honeycomb design, shown as stress 

maps of the auxetic region of the substrate (upper) and piezoelectric layer (lower). 
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The best optimised design came from the 4×3 array, depicted in Figure 6-7. 

Its model output of 986 μW is a gain of 6.08 times the plain baseline. It was a 

small improvement over its parametric starting point; some other listed designs 

improved by a greater margin through their optimisations, and so it is possible, if 

unlikely, that an even more exhaustive search could find a still better design. The 

main improvements over the parametric starting point appear to be pushing the 

re-entrancy and crossbeam to their respective limits, with the beams almost 

touching; the tips are ~0.4 mm apart, which proved more difficult to manufacture.  

This gain factor is much lower than that found experimentally in section 5.2.3 

(11.3 times its plain equivalent), however in that case there was a difference in 

their corresponding ka values (plain: 13.5 vs. auxetic: 23.8 GN/m3). The expected 

outputs for those MFC models calculated with equations 5–3 & 4 using each of 

these ka values find a gain of 6.6 or 5.3 respectively; in line with this new factor. 

 

 

6.2.3 For Rotating Parallelograms 
Rotating squares are a widely researched auxetic structure104,105,107,108,112,139–

142. This design can easily be made by cutting elliptical slits in a sheet, leaving 

squares connected at their corners, as shown in Figure 6-8(a); forming hinges of 

a sort. These solid regions are connected in such a way that under tension they 

will preferentially rotate; this pushes their corners outward and opens the slits up, 

leading to their auxetic behaviour107,108,141. By altering the relative lengths and 

angles between slits, arrays of rectangles, rhombuses, or rhomboids can be 

created; these shapes are collectively called parallelograms, and are all 

exemplified in Figure 6-8. As these designs share a similar construction, it was 

possible to process all of them in the same COMSOL model. 
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Figure 6-8: Diagrammatic rotating (a) square, (b) rectangle, (c) rhombus, and 
(d) rhomboid arrangements; collectively dubbed rotating parallelograms. 

 

This rotating parallelogram model has six controllable parameters, depicted 

in Figure 6-9: hA, the length of the baseline slits (controlled by the semimajor axis 

length of the baseline elliptical holes); hb, the width of the slits (i.e. the semiminor 

axis length of all ellipses); r, the ratio of crossing slit length to the base slit length 

(for squares and rhombuses this is 1; less otherwise); R, the ratio of base slit 

length to grid spacing length (i.e. the distance between slit centres); q, the angle 

between crossing gridlines (for squares and rectangles this is 90˚; less otherwise); 

and j, the angle between the entire grid (parallel to the baseline slits) and the 

x-axis of the substrate (note, j = 0˚ for all examples in Figure 6-8). Values in the 

parametric sweep for all of these are listed in Table 6-3. This design was built 

from the slit centred in the middle of the auxetic region outwards; this cut down 

the number of processed models through symmetry. To filter out impractical 

models, there were two checks before processing each design: before building 

the model, an estimate of the distance between nearest neighbouring slits 

ensured there was enough material there to sustain a loadbb; after building the 

geometry there was a domain check to ensure the substrate had not been split 

 

bb Parameter Check: ℎ*0 − ℎ* − ℎ. ℎ0 `(ℎ. sin(C))5 + (ℎ0 cos(C))5⁄ < 0.5 mm; break if true. 

(a) (b)

(c) (d)
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into multiple pieces. If a design failed one of these checks, the sweep or optimiser 

skipped processing it and built the next design. These checks filtered out most 

unviable designs, which were otherwise likely to cause the computer to crash or 

merely take the longest to process while contributing nothing of use. 

 
Figure 6-9: Diagram showing parallelogram model parameters: hA, baseline 

semimajor axis; r, crossing axis ratio; hb, all semiminor axes; R grid spacing ratio; q, 
angle between grids; j, angle between grid and substrate. 

  

Table 6-3: Parameters swept in rotating parallelogram model. 

Parameter Parametric values Opt. range Units 
Slit length hA 10, 7.5, 5 1.5–15 mm 
Slit width hb 1, 0.5 0.5–1.5 mm 
Slit ratio r 100, 75, 50 45–100 % 
Grid ratio R 300, 200, 175 155–250 % 
Slit angle q 90, 60, 45 35–90 ˚ 
Grid angle j 0, 40, 60,100, diag* -45–100 ˚ 

* diag is an angle calculated to orient the parallelogram’s long axis parallel to the substrate’scc. 
  

 

cc (kQ* = −arctan o C DEFG
4	H	C IJDG
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Figure 6-10: Parametric rotating parallelogram power vs. peak stress results (within 

material limits), differentiated by rotating unit. Safety limit indicated by dashed line. 
 

Table 6-4: Best rotating parallelogram parametric sweep results, in descending 
order of output. 

Sweep Input Values Results 
hA 

[mm] 
hb 

[mm] 
R 

[%] 
r 

[%] 
θ 
[˚] 

φ 
[˚] 

Pout 
[μW] 

Max T [MPa] 
Sub Piezo 

10 0.5 175 75 45 100 1313 204 12.5 
10 0.5 175 50 60 100 1288 207 15.4 
10 1 175 50 60 100 1217 145 14.7 
10 1 175 75 45 100 1212 165 11.7 
10 0.5 175 75 60 60 1206 211 12.6 
10 1 175 75 60 100 1201 212 13.7 
10 0.5 175 50 45 60 1193 222 11.5 

 

The parametric results indicated that the best designs for harvesting were 

rhomboids with closely packed long holes, these aligned almost across the 

substrate. The slit width primarily affected the peak stresses (by determining how 

sharp the elliptical holes were), and how close together the slits could be (i.e. how 

stiff the ‘hinges’ between the rotating units were). Rhomboids had the advantage 

of a greater lateral extension, due to their elongated sides giving greater leverage 

than a square, and pointed corners granting more outward sweeping expansion 

than a rectangle. These features (alongside their greater representation within 

the sweep) aided in increasing the power output from the attached MFC. The grid 

angle, φ, could prime the rotating units to rotate outwards more easily. During 
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preliminary investigations (often without any constraining piezoelectric layer) 

having the long axis of the rotating region run parallel to the applied force tended 

to induce the largest auxetic response; hence the diag angle included in Table 6-3. 

This was no longer the case with MFC in place, as no models at this angle feature 

in the top results of Table 6-4dd. Most of the highest power results were slightly 

over the substrate stress safety limit (indicated by a strikethrough of the offending 

value in the tables), but still within the material limit; as this could be amended 

through the optimiser they were not entirely excluded.  

The best results from the parametric sweep were all quite similar in 

appearance so, while they formed the general basis for the optimisations, many 

runs started from very different initial conditions to ensure a broader foundation. 

The optimised results, listed in Table 6-5, rarely ventured far from their starting 

points, unless that had a very low output. The best optimised result is shown in 

Figure 6-11. This features long slits cutting across the substrate, like of many of 

the best parametric results. The power output is 9.19 times greater than the plain 

baseline, much more than the prior honeycomb but with almost double the peak 

stress to contend with. Where the maximum strain the harvester is ever likely to 

be subjected to in use is known well in advance, this could be a good trade-off. 

Table 6-5: Optimised Rotating Parallelogram Results, with selected design 
emboldened and shown in Figure 6-11. 

Path 
# 

Optimised Parameters Results 
hA 

[mm] 
hb 

[mm] 
R 

[%] 
r 

[%] 
θ 
[˚] 

φ 
[˚] 

Pout 

[μW] 
Max T [MPa] 
Sub Piezo 

#1* 2.46 0.551 153.8 82.65 86.26 -0.164 1104 531 6.2 
#2* 2.44 0.572 155 81.83 79.07 0.312 1108 147 5.8 
#3 5.74 0.531 155 95.23 78.93 1.388 1399 206 10.2 
#4 10.4 0.990 155 84.95 71.19 -28.94 1255 175 10.4 
#5 9.74 1.141 155 100 56.04 27.84 1456 182 15.3 
#6 11.34 0.639 155.0 68.52 67.79 44.85 1429 198 12.9 
#7 6.76 0.750 181.8 99.93 75.73 -0.914 931 200 9.3 
#8 9.37 0.820 170.2 76.40 44.89 6.413 921 185 10.7 
#9* 10.36 0.5 164.4 59.16 44.39 44.39 1422 131 11.8 
#10 10.56 0.518 153.6 61.61 62.45 76.86 1488 197 16.1 
#11 12.51 0.504 154.3 45.20 87.78 89.91 1424 171 15.1 
#12† 9.67 0.688 153 95.39 55.32 26.56 1483 211 16.8 
#13 13.59 0.902 153 65.23 88.81 -43.22 1411 182 13.2 

* This run failed to optimise, so the maximum identified output is used instead. 
† The full route for this path was lost. Only the optimised result remains. 

 

 

dd Future researches may wish to try φ=diag±90˚, to align the long axis across the substrate. 
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Figure 6-11: Selected rotating rhomboid auxetic region design, with slice through 

the substrate (upper) and piezoelectric layer (lower) to show stress concentrations. 

 

 

6.2.4 For Rotating Hexagrams 
The prior parallelograms were built on a grid of slits arranged along two 

crossing lines. An arrangement of three such intersecting lines produces a 

combination of regular triangles and hexagons104,142. Each hexagon has a 

triangle connected at every corner, forming a hexagram (this design is also known 

as the kagome-cut142), as depicted in Figure 6-12. Under tension it responds in a 

similar way to the rotating parallelograms; every unit rotating counter to its 

neighbours, opening the slits, and leading to the auxetic behaviour. 



95 

 
Figure 6-12: Rotating hexagram array example, with a hexagon unit highlighted in 

red and its assosiated triangle units in orange. 
 

This design has four controllable parameters: hA, the semimajor length of the 

slits; hb, the semiminor width of the slits; R, the grid length ratio (which controls 

the slit spacing); and j, the angle between the grid and the substrate. These are 

all depicted in Figure 6-13, with values listed in Table 6-6. The grid angle is fixed 

at 120˚ to keep the tessellation regular. This design was built outwards from a 

central cluster of six slits arranged around the rim of a hexagon unit. The 

parametric sweep results are shown in Figure 6-14, the highest output models 

with their optimised forms are listed in Table 6-7, with the final design in 

Figure 6-15. 

 
Figure 6-13: Rotating hexagram array parameters: hA, elippse semimajor length; hb, 
semiminor length; R, grid spacing ratio; φ , angle between grid and substrate. 

 

Table 6-6: Parameters swept and optimisation ranges in rotating hexagram models. 

Parameter Parametric values Opt. range Units 
Slit length hA 15, 10, 5 3.5–17 mm 
Slit width hb 1, 0.5 0.3–1.5 mm 
Grid ratio R 125, 150 110–175 % 
Grid angle j 0, 15, 30, 45 -20–50 ˚ 

 

(a) (b)

(a) (b)
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Figure 6-14: Parametric results distribution for rotating hexagram arrangement. 

Substrate stress limit indicated with dashed line. 

 

Table 6-7: Best rotating hexagram parametric sweep results, in descending order of 
parametric output. These designs were then optimised. Final design emboldened, and 

depicted in Figure 6-15. 

Parametric Results Optimised Parameters & Results 
hA 

[mm] 
hb 

[mm] 
R 

[%] 
j 
[˚] 

Peff 
[μW] 

Max T [MPa] hA 
[mm] 

hb 
[mm] 

R 
[%] 

j 
[˚] 

Peff 
[μW] 

Max T [MPa] 
Sub Piezo Sub Piezo 

15 0.5 125 45 2139 330 17.9 16.88 1.11 129.2 44.80 1779 199 17.6 
15 0.5 125 0 2049 312 16.9 14.43 0.93 159.6 -5.18 1269 201 14.8 
15 1 125 45 2048 260 17.5 10.48 0.94 125.6 38.26 1587 192 16.0 
15 1 125 0 1969 261 15.7 13.55 1.37 143.3 2.99 1615 198 13.2 
10 0.5 125 45 1941 277 21.9 8.87 0.85 127.5 41.86 1733 189 13.6 
10 1 125 30 1619 194* 16.0 9.70 1.06 132.2 27.36 1689 197 17.0 

* This design had the highest power without breaching a limit, and was also optimised. 
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Figure 6-15: Selected optimal rotating hexagram arrangement, shown with stress 

map of the auxetic region of the substrate (upper) and piezoelectric layer (lower). 
 

All the highest power models from the parametric sweep had long holes, with 

the tightest spacing available. They were also significantly over the peak stress 

limit, as were almost all the parametric results. The hinge regions were under a 

great deal of tensile and shear stress when acted upon. The width of the slits can 

influence the flexibility of these hinges, while also directing more stress there. The 

grid angle can again help prime the units to rotate.  

As usual, the best parametric results were taken as starting points for the 

optimiser. For this model, the optimum power output had to go down compared 

to their starting point, in order to reach a design with a tolerable peak stress. The 

selected design has a gain of 10.7 times the plain baseline. This kind of design 

would be ideal for increasing the energy output of a harvester from a very low 

strain amplitude environment, but only if these excitations could be well known in 

advance. If an amplitude much less than 200 με were the expected maximum, 

this design could have delivered the highest gain of any tested in this chapter. 
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6.2.5 Rotating Triangles 
By combining three elliptical slits regularly oriented at 120˚, one can create 

either six-pointed or three-pointed (made from hemi-ellipses cut along their minor 

axis) holes. Tiling the three-pointed holes can make the equilateral rotating 

triangle designee; depicted in Figure 6-16(a). Under tension, the triangles are 

primed to rotate outwards, expanding these holes104,107. The six-pointed holes 

can be intermeshed to form a more complex auxetic structure, here dubbed 

rotating spring triangles, which has its triangles connected via arms at their 

corners, as indicated in Figure 6-16(b)143. 

 
Figure 6-16: Examples of (a) Rotating triangle array and (b) Rotating spring triangle 

(inner triangle indicated in orange, compared to the outer triangle in red). 
 

The parameters for the rotating triangle model are: hA, the semimajor hole 

length (i.e. the length from the centre of the hole to its tips); hb, the semiminor 

width of the elliptical slits that make up the holes; R, the grid ratio (dictates hole 

spacing); and j, the angle between the hole grid and the substrate. For the spring 

triangles, there is the additional factor of q, the angle of the hole to its grid. In 

order to intermesh properly, this should to be approximately between 10˚ and 20˚, 

with 15˚ being the defaultff. How these parameters are used to construct each 

model are shown in Figure 6-17, with their values listed in Table 6-8. These 

designs were built outwards from a central hole. Both models have checks to 

 

ee Irregular triangles are possible, though tessellation becomes difficult to build in COMSOL. 
ff The three-pointed holes could also have a θ angle, as indicated by Mizzi et al.143, which at 

its extremes has hexagons connected via arms at their corners. 

(a) (b)

(a) (b)
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ensure an intact substrategg, and delete unattached pieces caught between the 

edge of the substrate and the corner of a hole during construction. 

 
Figure 6-17: (a) Rotating triangle parameters: hA, semimajor length; hb, semiminor 

width; R, grid ratio; φ, angle between grid and substrate. (b) Rotating spring triangle 
has the same parameters, with the addition of θ, the angle of the holes to their grid.  

 

Table 6-8: Parameters used in rotating (spring) triangle models. 

Parameter Parametric values* Optimisation range* Units 
Slit length hA 10, 5, 3 2.5–15 3–20 mm 
Slit width hb 1, 0.5 0.45–1.5 0.4–1.5 mm 

Grid ratio R 66, 75, 90, 
100, 125 

70, 90, 
100, 110 60–175 66–125 % 

Grid angle j 0, 15, 30 -33–33 -15–33 ˚ 

Hole angle q – 10, 13, 
15, 17, 20 – -5–25 ˚ 

__* Values split by rotating triangle | rotating spring triangle models, where distinct. 
 

The parametric results shown in Figure 6-18 form two largely distinct bands. 

The rotating triangle designs have greater outputs than most of the more pliable 

spring triangle arrangements. The few high powered spring triangles tend to have 

small inner triangles with bulky connecting arms (determined primarily by R & θ) 

which provide leverage and a highly auxetic response. The best results listed in 

Table 6-9 are dominated by tightly packed long holes. During the optimisations, 

a few extra designs starting from even longer holes were added to further 

investigate the design space. The rotating triangles quickly settled into a stable 

optimum, which the spring triangles could not overtake; suggesting this design is 

too pliable to exert as much of the applied force onto the piezoelectric layer. 

 

gg Rotating Triangles parameter check: ℎ.(20 − 1) < 2ℎ0. 

  Rotating Spring Triangles check: ℎ. + ℎ0 + 0.9	mm > !
√#0	ℎ.	sin(60˚ − C). 

(b) (a) 
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Figure 6-18: Simulated results for the rotating triangle and rotating spring triangle 

designs. 
 

Table 6-9: Parametric and optimised rotating (spring) triangle results, with best 
designs emboldened and shown in Figure 6-19. 

Design &  
Path # 

Sweep Input Values Sweep Results Optimised Parameters & Results 
hA 

[mm] 
hb 

[mm] 
R 

[%] 
φ 
[˚] 

θ 
[˚] 

Pout 
[μW] 

Max T [MPa] hA 
[mm] 

hb 
[mm] 

R 
[%] 

φ 
[˚] 

θ 
[˚] 

Pout 
[μW] 

Max T [MPa] 
Sub Piezo Sub Piezo 

R
ot

at
in

g 
Tr

ia
ng

le
s 	 #1 10 0.5 66 15 – 1398 182 13.9 9.77 0.450 69.97 16.00 – 1531 187 14.9 

#2 10 0.5 75 30 – 1391 182 10.4 13.56 0.458 68.38 30.33 – 1646 199 10.7 
#3 10 1 75 15 – 1265 162 14.4 13.23 0.503 67.17 6.43 – 1593 194 17.7 
#4* 15 1 75 0 – 1001 146 12.5 12.28 0.494 67.61 2.97 – 1656 191 14.6 

R
ot

at
in

g  
S

pr
in

g 
Tr

ia
ng

le
s #1 10 0.5 90 0 15 944 162 11.8 9.65 0.451 88.06 -0.19 6.19 1086 208 12.9 

#2 10 0.5 90 0 17 919 171 12.1 10.17 0.450 82.07 0.17 10.29 1088 133 12.1 
#3 10 0.5 90 30 10 902 157 8.13 10.81 0.536 77.65 30.38 9.27 1114 128 11.1 
#4 10 1 90 0 10 876 146 9.83 15.38 0.802 84.55 1.24 9.22 1191 189 14.9 
#5 10 0.5 90 0 20 872 199 12.6 10.36 0.457 81.24 -0.54 17.36 1037 181 12.3 
#6* 15 1 100 15 15 867 234 12.3 17 0.452 83.62 15.81 9.22 1232 172 13.3 
#7* 17 0.5 90 15 15 1098 195 13.1 17.38 0.457 82.69 16.24 9.34 1231 169 13.3 
#8* 17 0.5 90 0 20 947 203 16.1 16.67 0.45 75.83 0.49 16.54 1280 185 17.5 
#9* 17 0.5 90 10 20 997 239 13.1 16.61 0.421 81.61 8.43 9.27 1227 196 16.7 
#10* 16 0.5 90 1 15 1094 266 21.4 15.05 0.572 85.41 1.16 11.45 1214 199 15.8 

* This path did not originate in the parametric sweep, and was an extra optimisation. 
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Figure 6-19: Stress concentrations in optimised (a) Rotating triangle and 

(b) Rotating spring triangle designs; substrate only view (upper) and MFC (lower). 
 

The rotating triangle arrangement shown in Figure 6-19(a) produces a gain of 

10.22 times the plain baseline, while the best spring triangle arrangement, shown 

in part (b), generates only 7.9 times as much; therefore only the regular rotating 

triangle design has been selected for manufacture. A small wedge of material 

was removed from this design (seen as the rightmost gap at the lower edge in 

Figure 6-19(a)), as it was only attached to the rest of the substrate by <0.3 mm 

of material and its absence made no significant loss to the power output. 

 

 

6.2.6 For !-Holes 
The final type of auxetic design covered in this chapter is based on interlocked 

!-shaped-holes; found in Mizzi, et al.112, who liken its auxetic mechanism to a 

‘fibrils and nodules’ structure, or (if the slits were tightly packed) a re-entrant 

honeycomb. Building these !-hole close together leaves an array of rectangular 

blocks connected by narrower S-shaped beams. Under tension, these beams will 

tend to rotate, and due to the mirrored arrangement of these S-shapes this 

pushes the rectangular areas outwards; leading to the auxetic behaviour. 

 

 

(a) (b) 
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Two versions of the design were tested: one with the !-holes aligned across 

the substrate axis, here called !-beams, and one with them aligned along the 

axis, henceforth dubbed H-beamshh; examples of both are shown in Figure 6-20. 

They are essentially the same arrangement, with one rotated 90˚ to the substrateii. 

Both designs are controlled through the same five parameters: hA, the length of 

the !-hole’s crossbeams; tb, the !-holes’ beams width; r, the ratio of central beam 

to crossbeam length; and sepax & seplat, the axial & lateral separation between 

the holes (these control the S-shapes). These parameters are depicted in 

Figure 6-21 and their range of values listed in Table 6-10.  
 

 
Figure 6-20: !-hole example constructions: (a) !-beam: all central beams 

perpendicular to substrate axis. (b) H-beam: all central beams parallel to substrate. 
 

These designs were built outwards from an !-hole in the centre of the auxetic 

region. The prior domain checks were in place to maintain a viable substrate 

design, with a parameter check ensuring QRS = ℎ. − 2("US.2 + >J) > 0.5	mm. All 

!-hole corners were filleted to a radius of >J 4⁄ . The H-beam designs also 

removed any hanging pieces of the substrate, like the prior rotating triangles.  

 

hh There was an intention to test an anti-tetrachiral interlocked arrangement of these 

!-holes, as seen in 112, but COMSOL continually gave insoluble decomposition errors.  
ii Having an arbitrary j angle in these designs is possible, but more complicated than the 

designs with elliptical holes (could arrange the holes, group them, then rotate them together). 

(a) (b)

(a) (b)
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Figure 6-21: !-hole construction with parameters for (a) !- & (b) H-beam designs: 

hA, !-beam crossbeam length; r, ratio of hA to centre beam length; tb, beam thickness; 
sepax & seplat, axial and lateral separation between beams respectively. 

 

Table 6-10: Parameters used in both !–beam and H–beam models. 

Parameter Parametric values Opt. range Units 
Hole length hA 5, 10, 15 5–15 mm 
Hole width tb 1, 2.5, 5 0.45–6 mm 
Hole ratio r 50, 75, 100, 150, 200 50–250 % 

Hole 
Spacing 

sepax 1, 2, 5 0.5–7.5 mm 
seplat 1, 2, 5 0.5–7.5 mm 

 

From the parametric results displayed in Figure 6-22, there is a clear divide 

between the !-beams, predominantly on the left (lower stress and power), and 

the H-beams, spread across to the right side. This indicates the H-beam 

configuration is likely to be more successful for harvesting purposes, though the 

higher peak stresses could become problematic. The difference is due to the 

orientation of the S-shaped hinge regions. The !-beam hinges are oriented such 

that each joint is primarily under shear stress, while the H-beam joints are also 

under direct tension while they flex. This makes the latter more susceptible to 

applied strains, and thus better able to pass them onto the MFC. The highest 

results, listed in Table 6-11, suggest large but narrow holes to be best; the 

!-beams worked better with the 10 mm than the 15 mm long crossbeams 

however, largely unlike the best H-beams. In all listed cases the central beam 

was longer than the crossbeams. The spacing between the !-holes tend to favour 
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the distance across the substrate, usually with a mismatch in their relative size. 

This, coupled with the narrow !-holes, results in bulky hinge regions between 

holes, rather than flexible S-shaped beams, which act as leavers (reminiscent of 

the prior rotating rectangles). The best parametric designs, with some extras to 

explore the design space, were the starting point for the optimisations. 

 
Figure 6-22: Parametric results for !-hole designs; overstressed models removed. 

Marker size indicated peak MFC stress. 

 

Table 6-11: Best parametric and optimised !- and H-beam design results, with best 
designs emboldened and shown in Figure 6-23.  

Design 
& Path 

Sweep Input Values Results Optimised Parameters & Results 
hA 

[mm] 
tb 

[mm] 
r 

[%] 
sepax 
[mm] 

seplat 
[mm] 

Pout 
[μW] 

Max T [MPa] hA 
[mm] 

tb 
[mm] 

r 
[%] 

sepax 
[mm] 

seplat 
[mm] 

Pout 
[μW] 

Max T [MPa] 
Sub Piezo Sub Piezo 

! –
B

ea
m

s 

#1 10 1 200 5 5 1316 76 12.3 13.22 0.5 141.2 3.46 5.38 1558 99 16 
#2 10 1 150 5 2 1238 94 14.1 11.46 0.50 173.5 4.34 5.43 1473 129 14.4 
#3 10 1 150 5 1 1193 95 13.9 13.60 0.5 93.2 1.20 3.30 1496 112 13.3 
#4 10 1 200 5 2 1187 100 13.5 14.74 1.96 231.6 5.80 5.58 1361 69 17.5 
#5* 10 1 100 1 1 836 74 8.8 13.77 0.5 99.3 1.12 4.27 1493 95 12.7 
#6* 13 3 150 5 2 472 59 8.6 11.53 0.5 163.0 4.30 5.04 1476 126 16.0 

H
- B

ea
m

s  

#1 15 1 150 2 5 1630 135 10.0 14.63 0.46 144.0 2.54 5.74 1937 186 11.3 
#2 15 1 200 2 1 1560 163 17.5 14.90 0.63 202.4 1.86 1.79 1773 197 17.6 
#3 10 1 150 2 5 1526 102 7.0 10.32 0.45 161.7 2.17 5.81 1917 143 9.0 
#4 10 1 200 2 2 1514 154 9.2 11.58 0.46 170.5 1.58 2.67 1823 163 10.7 
#5* 5 1 145 1 1 1327 132 6.8 5.13 0.45 169.3 0.99 1.35 1512 130 7.0 
#6* 7.5 1 150 1 1 955 111 7.1 10.32 0.47 141.2 1.25 1.36 1618 170 12.6 
* This path did not arise from the best parametric sweep results, but was an extra optimisation. 
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Figure 6-23: Best designs found for (a) !-beam, and (b) H-beam arrays; shown with 

stress concentration in substrate (upper) and MFC (lower). 

 

Overall these results demonstrate that the H-beam orientation is better for the 

MFC’s power output. The orientation of the rectangles nestled between the !-hole 

crossbeams is probably a significant factor; the long side aligned across the 

substrate makes the lateral expansion easier. Though both final designs appear 

quite similar, with their respective orientations being the most significant 

difference, their power outputs are 9.6 and 12.0 times the baseline respectively. 

It is worth noting the higher stress areas (in pale blue) in the H-Beam substrate 

design in Figure 6-23(b) form an outline reminiscent of the previously discussed 

re-entrant honeycomb arrays, indicating a similar mechanism105,112. Only the 

H-beam design was manufactured. It and all the selected substrates are shown 

in full in Figure 6-24. 

(a) (b) 
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Figure 6-24: All optimised auxetic substrate designs: (a) re-entrant honeycomb; 

(b) rotating triangles; (c) rotating parallelograms; (d) H-beams; (e) rotating hexagrams. 

 

6.3 Experimental Study 

6.3.1 Method 
Manufacturing the selected substrates was more complicated than in earlier 

chapters, as all the auxetic designs have narrow features closer than 0.4 mm. 

Laser cutting these in aluminium alloy would cause burns or melt the surrounding 

parts; while water jet or plasma cutting was too imprecise. This left electric 

discharge machining (EDM) as the most viable option, despite its expence144–146. 

The substrates were milled from a sheet to the plain’s dimensions, then the 

auxetic designs were made by drilling pilot holes and EDM cutting. The bonding 

process is then similar to the prior method: applying epoxy to the middle of the 

substrate and clamping the MFC under pressure in a vice for over 24 hours at 

(a) 

(b) 
 
 
 
 
 
 

(c) 
 
 
 
 
 
 

(d) 
 
 
 
 
 
 

(e) 
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room temperature. Wires were soldered to the electrode contact points, and 

taped down to reduce stress on the soldering joint and prevent shorting to the 

substrate. Due to the cost of MFC, only six harvester samples were made: one 

of each final design, and a plain baseline, as shown in Figure 6-25. 

 
Figure 6-25: Photograph of all samples. Auxetic samples seen from the underside 

to better show the designs. 
 

The experimental procedure and subsequent analysis is almost identical to 

that used in section 5.2.2. The only significant difference is that, due to the longer 

samples, the clamping depth was 25 mm and a 100 με excitation was thus 25 μm 

peak-to-peak. Otherwise, the test started by raising 1 mm more than the 

amplitude, to keep the sample in tension throughout, followed by the sinusoidal 

excitation for 200 s while the attached load was automatically ratcheted through 

the resistances listed in Table 5-6 and the voltage output from the MFC was 

recorded through the LabView interface.  

To test a more realistic use case, a sample of arbitrary data was generated to 

emulate the typical noisy strain experienced by a bridge in use33. This excitation 

was used on all samples, across a fixed load of 448 kΩ (this includes the 

LabVIEW interface’s internal impedance), to provide a consistent input for better 

comparison. The excitation displacement is shown in Figure 6-26, without the 

initial ramp (3 s, to gradually bring the sample to the starting point, and give the 

operator time to initiate voltage measurements). The procedure was otherwise 

similar to that of previous chapters. Gain was calculated by comparing each 

sample’s total energy output during the excitation to that of the plain sample. 



108 

 
Figure 6-26: The bridge emulating excitation input displacement. 

 

 

6.3.2 Results & Discussion 
The highest output results from each of the six samples at the same excitation 

(10 Hz, 100 με peak-to-peak) are shown in Figure 6-27. The corresponding 

models are also shown here. The ka values used in each model’s TELs and the 

experimental optimum values they emulate are listed in Table 6-12. These values 

were derived by comparison to Figure 6-28, where the appropriate linear regions 

(ka around 1-50 GN/m3) are given in equation 6–1-6, along with R2 fitting values. 

 
Figure 6-27: Best resistance sweep results from all samples at 10 Hz, 100 με 

(25 μm) excitations, with equivalent models as dashed lines in the same colours. 
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Table 6-12: Optimum results from Figure 6-27, with corresponding TEL spring 
constant, ka. 

Harvester ROpt 
[kΩ] 

POpt 
[μW] 

Gain ka 
[GN/m3] 

Plain 37.1 100.7 ̶ 32.8 
Honeycomb 31.9 569.9 5.66 25.5 

Triangles 34.0 533.1 5.29 14.4 
Parallelograms 34.4 326.1 3.24 10.5 

H-Beams 35.3 219.4 2.18 5.5 
Hexagrams 33.7 438.5 4.35 11.5 

 

 
Figure 6-28: Thin Elastic Layer spring constant per unit area, ka, for all designs. 

 

)D-./0 = 3.268	1. − 6.342 ;  '" = 0.9969  Eq.6–1 

)K%03L4%MJ = 23.54	1. − 30.39 ; '" = 0.9951  Eq.6–2 

)FN/.0O-3P = 39.95	1. − 42.92 ;  '" = 0.9959  Eq.6–3 

)D.N.--3-%ON.MP = 37.98	1. − 71.60 ; '" = 0.9996  Eq.6–4 

)KQB3.MP = 49.76	1. − 54.38 ;  '" = 0.9976  Eq.6–5 

)K32.ON.MP = 42.94	1. − 55.45 ; '" = 0.9971  Eq.6–6 
 

The prior models indicated that the order of gain for the selected designs (from 

least to highest output) would be: re-entrant honeycomb (a gain of 6.09×); rotating 

parallelograms (9.19×); rotating triangles (10.23×); rotating hexagrams (10.70×); 

and H-beams (11.96×). The baseline plain sample performed far better than the 

model anticipated (with a ka value almost double that found for the narrower MFC 

in section 6.1), and this lowered all the auxetic samples’ experimental gains 

relative to it. Some of the lower than anticipated gain factors in Table 6-12 are 

also due to some epoxy leaking into the holes of the various auxetic regions, 
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which caused the experimental gains not to replicate the order of the models. 

Other than the honeycomb design (the only auxetic sample to exceeded the 

initially assumed ka value), the holes are long and narrow, and could be 

inadvertently filled with epoxy quite easily; which would reduce their flexibility 

(embedded in the ka value for that sample). This contributed to the honeycomb 

design being found to have the highest experimental gain, despite being the 

lowest found in the simulations. The H-beam sample had many of its especially 

narrow holes completely filled in during curing, hence it had the lowest output of 

any auxetic sample. Ideally a new sample would have been made and tested 

(along with multiple samples of each design) but the MFC was prohibitively 

expensive. Besides this sample, the auxetic model ka values were found to be 

quite similar to each other and within the expected range. This demonstrates that 

the TELs are an appropriate way to emulate the bonding adhesion losses in 

designs other than the plain and re-entrant honeycombs; it may be advisable to 

calibrate any new design with a similar preliminary one to obtain the most 

accurate value of ka during modelling, if feasible. More precise bonding than is 

possible by hand, with a smaller amount of epoxy more evenly applied to the 

substrate, would reduce the overflow and improve the power output dramatically.  

The increased thickness of the aluminium substrate lead to an increased 

power output from the expectations found during modelling (from 0.9 mm thick, 

rather than the available 1.5 mm), for all but the rotating parallelogram and the 

H-beam samples. These were found to have the lowest ka values, which 

counteracted the greater authority of the thicker substrates. The greatest 

increase from the modelled expectations were on the plain and honeycomb 

samples, due to their higher than modelled ka values. 

 

As with previous results, the same ka value can be used to emulate a particular 

sample at any input excitation, as shown in Figure 6-29. This holds for all the 

different auxetic designs. The gain factors for all these samples remain 

approximately constant at any given input, as before. 
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(a)  

(b)  
Figure 6-29: Results from (a) Frequency and (b) Amplitude sweeps on all samples. 

Experimental fits in solid lines, with dashed equivalent models of the same colours. 

The amplitude sweep models slightly underestimate the experimental outputs 

at higher strains. This could indicate that assuming the materials are always in 

the linearly proportional regime (of their stress-strain relations) is not as valid at 

these higher excitations. The frequency sweeps are generally well matched to 

the experimental data. The hexagram has the largest deviation, due to some low 

datapoints bringing their regression down more significantly than other samples. 

Compared to the MFC samples in chapter 5, the re-entrant honeycomb design 

produced a greater output at the 10 Hz, 100 με excitation (468 to 570 μW here) 

with similar ka values (24 to 26 GN/m3), while the plain samples showed a much 

more dramatic difference in both values: 41 to 101 μW and 13 to 33 GN/m3. The 

difference in plain power arose entirely from the increased bonding strength seen 

on the newer sample; for example, equation 5–3 predicts that if that sample had 

0 5 10 15 20 25 30
Frequency [Hz]

0

0.4

0.8

1.2

1.6

Po
w

er
 [m

W
]

Plain
Re-Entrant Honeycomb
Rotating Triangles
Rotating Parallelograms
H-Beams
Rotating Hexagrams
Simulations

0 20 40 60 80 100 120 140 160 180 200
Strainpk2pk  [ ]

0

0.5

1

1.5

2

2.5

Po
w

er
 [m

W
]

Plain
Re-Entrant Honeycomb
Rotating Triangles
Rotating Parallelograms
H-Beams
Rotating Hexagrams
Simulations



112 

ka = 33 GN/m3 then it’s output would have been 111 μW, quite comparable to this 

sample. Both honeycomb samples concentrated the majority of the applied strain 

into the region under the piezoelectric layer, so the latter sample’s output is higher 

because the amplitude on the longer sample is larger (18 to 25 μm) for the same 

overall strain; thus the piezoelectric material is under more strain. The optimal 

load for all these samples was notably lower than the theoretical or chapter 5 

ones. This is likely related to the MFC deriving from a different batch; for this 

chapter they were all grade B (rather than the prior grade A) due to its off-the-

shelf availability. This was expected to have the same electrical properties, but 

slightly diminished optical ones.  

 

The concentrating effect of the auxetic region also applied to dynamic 

excitations. The results from the bridge excitation on the plain and re-entrant 

honeycomb samples are shown in Figure 6-30, with the relative gain of all 

samples listed in Table 6-13. The voltage tracks of all samples had a similar 

shape, with the only significant difference being their amplitude. These gain 

factors were within experimental variation of those in Table 6-12, indicating the 

auxetic designs operate under arbitrary excitations in a similar way to the 

sinusoidal ones. 

 
Figure 6-30: Voltage output of plain and honeycomb samples under the bridge 

emulating excitation. 

 

Table 6-13: Gain results from all samples under the bridge emulating excitation. 

Harvester Etotal [nJ] Gain 
Plain 0.470 – 

Honeycomb 3.006 6.39 
Triangles 1.862 3.96 

Parallelograms 1.526 3.25 
H-Beams 1.137 2.42 

Hexagrams 2.083 4.43 
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These results demonstrate that any of these auxetic designs would be an 

improvement on the baseline. The cost to manufacture each sample was much 

higher than for those in chapter 5, due largely to the optimised designs having 

such narrow features that they could only be cut by EDM. Tighter controls on 

these features at the modelling stage would have allowed the much cheaper laser 

cutting to have been used but these designs would have had lesser outputs. 

Depending on the intended application and its intended lifespan, this may be an 

acceptable trade-off. Using the auxetic substrate is an easy to implement way to 

increase the power output from piezoelectric material. By concentrating the 

ambient strain energy into this material the output magnitude is increased, but 

otherwise doesn’t alter the output signal’s timing or waveform; making it quite 

simple to integrate with existing control circuitry for self-powering sensor nodes. 

This is ideal for structural health monitoring. 

 

6.4 Conclusion 
In this chapter, many auxetic harvester designs have been simulated for 

comparison. Five optimised designs were selected to be manufactured (and their 

power gain over a plain baseline): the re-entrant honeycomb (5.66×; i.e. 570 μW 

versus 101 μW at 10 Hz, 100 με); the rotating triangles (5.29×); rotating 

parallelograms, specifically rhomboids (3.24×); the H-beam holes (2.18×); and 

the rotating hexagrams (4.35×). These gains remained consistent at a range of 

input excitations. The modelling of a range of auxetic designs has shown that the 

process works for more than just the re-entrant honeycomb. The ka values were 

of a similar range to each other, and were found capable of emulating all samples 

at a range of excitations with reasonable accuracy; which demonstrated their 

effectiveness as a fitting parameter for any auxetic design. These designs would 

be ideally suited for applications in self-powered structural health monitoring.  
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7 General Discussion 
Looking at all of the previous work collectively, it is clear that using auxetic 

structures can significantly increase the power output of strain energy harvesters. 

Their stress concentration effect combined with the lateral expansion drives this 

power gain. The greatest power gain came from balancing the design’s stiffness 

with its authority over the piezoelectric material. The former should be less than 

the rest of the substrate to focus as much of the applied strain into the auxetic 

region as possible, while the latter relates to how much of the strain in the 

substrate is transferred to the piezoelectric material. Part of this authority is 

derived from the available bonding area, but the ability to stretch the piezoelectric 

material also relies on the how forcefully the auxetic design expands; for example, 

the beam based re-entrant honeycomb designs had a smaller contact area than 

the other designs discussed in chapter 6, yet those with a larger area did not 

necessarily generate more power because their structures were less flexible and 

so couldn’t expand out as much. In other designs, the width of the hinge regions 

were much narrower than the bonding regions and their increased outputs were 

evident throughout section 6.2; here the design’s authority is based largely on its 

mechanical leverage. Note that the most highly auxetic design (i.e. the largest 

negative effective Poisson’s ratio) is thus not necessarily the most effective 

design for energy harvesting (see also appendix C.VI), as these tend to lack the 

authority to exert their expansion onto the piezoelectric material. The most 

effective designs were those which increase the piezoelectric material’s average 

overall stress while not increasing the peak stress too much in any local area. A 

good example of this was the peak piezoelectric material stresses in the !-beam 

verses H-beam designs, seen in Figure 6-23, which are much higher in the former, 

yet the power output of the latter is significantly greater because the increased 

stress is spread over a larger area of the piezoelectric material. This also protects 

the brittle piezoelectric material. 

A selection of materials have been used throughout this work, in both the 

substrate and piezoelectric layer. For the active layer, this work initially focused 

on PZT, due to its greater power output compared to other ceramic materials or 

PVDF. Its brittleness was found to be even more of an issue than anticipated so 

LN was trialled as an alternative. This proved more resilient but also generated 

much less power; its greater stiffness also reduced the power gain achieved by 
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using the auxetic substrate (from up to 14.5 times for the PZT to only 3.6 times; 

see section 3.2.4). This suggested a more flexible piezoelectric material may be 

able to achieve larger gains. The piezo-composite MFC on the auxetic substrate 

had a much higher gain (11.3) than the bulk PZT equivalent (6.2), see 

section 5.2.3; though it still had a slightly lower output. While this was due at least 

in part to having a smaller volume of PZT, simply normalising the output by the 

active layer’s volume obfuscates how the differing thickness impacts the stiffness 

and thereby the output; see also appendix C.I. To compensate for its lower output, 

MFC is more resilient to stress than bulk PZT and protected from moisture and 

particulates by its polymer encapsulation. It is an effective combination of 

flexibility and strong piezoelectric properties, ideal for use with auxetic substrates. 

The material for these substrates should ideally be strong to endure high stresses, 

while remaining flexible enough for the auxetic designs to move freely. Some 

other metals and non-metals were considered in early stage models but steel and 

aluminium were the most viable. A harder metal such as titanium might deliver a 

higher power output (from its much greater authority) but also required so much 

force to make it flex that the peak stresses in both components were untenable. 

Attempts at modelling plastic substrates found they were far too soft (PMMA and 

similar were also too brittle), absorbing much of the strain energy themselves and 

produced little power from an attached piezoelectric material. Steel and 

aluminium had the advantage of being widely available, and relatively easy to 

work with. Of these, aluminium is widely considered more difficult to laser cut than 

steel due to its thermal characteristics and more reflective surface; the designs in 

chapter 6 required the much more expensive EDM cutting process to shape them, 

in part because of this (as well as the >0.4 mm gaps). These factors are all worthy 

of consideration when selecting materials. 

Finite element modelling proved itself an invaluable tool to aid in the design 

work for these harvesters. Testing the large range of possible designs 

experimentally would have been far too expensive and time consuming. Most 

models use at least one fitting parameter to better emulate the real world system 

they are based on, and throughout this work the main unknown during the 

modelling stages was the bonding strength between the components. These 

adhesion losses were simulated using thin elastic layers (TELs) at the boundaries 

between the glue and the other constituents; without these, the model outputs 

were unrealistically high. The spring constant per unit area, ka, in the TELs was 
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used to quantify the bonding adhesion to the surface, however it would be 

possible (and probably less computationally intensive) to replace the entire glue 

layer with one TEL in future. The ka values found to best emulate the experimental 

models were quite consistent in most cases; the biggest difference being found 

between the values in chapter 3 (in the 147-203 GN/m3 range) versus the rest 

(5-33 GN/m3). This is likely due to the smoother substrate surfaces of the latter 

relative to the mild steel used in chapter 3; though the much smaller size of the 

former’s PZT was also a significant factor, as the impact of edge effects was more 

significant. When comparing MFC to PZT, the former samples’ ka values were 

consistently lower. This may have derived from the glue’s weaker adhesion to the 

polymer encapsulation, compared to the PZT’s bare electrode surfaces, or from 

the material parameters used to model the MFC. These were derived from 

Kaung88 who did not use TELs or an equivalent in his models; the bonding losses 

between the MFC and his carbon fibre substrates could therefore be embedded 

within his material parameters. A value for ka for any particular combination of 

materials can be quite easily established by testing them with a plain substrate 

and comparing to its model equivalent; the deviations found in the subsequent 

auxetic values would be small enough not to effect the modelling process. The 

model could then be used to optimise an auxetic design with more confidence.  

A recurring problem with the experimental samples was the imperfect bonding 

between the substrate and piezoelectric material. The effects of this were most 

noticeable with the auxetic samples, as the epoxy could leak into the holes during 

curing and stiffen the mechanism. This occurred particularly in designs where the 

holes were much narrower than the re-entrant honeycomb. The bonding epoxy 

was applied by hand and, despite care, there was always an excess which 

caused these inconsistencies. If the bonding agent were applied in a more 

controlled way, such as through a fine spray with a mask over the holes, this 

could dramatically improve the quality of the bonds while also facilitating 

automated mass production. 

These auxetic harvesters open up new applications in infrastructural health 

monitoring, but are restricted to those low-strain environments. The very small 

oscillations (of the order of 50-200 με, at around 10 Hz or less33) typically found 

in bridges (such as Figure 7-1), pipelines, or buildings are currently considered 

poor sources for vibration energy harvesting10–12,18. In order to power a sensor 
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(to make regular measurements of the structure’s condition) in such places, 

engineers would currently have to choose between hundreds of meters of wires 

or a battery powered node (necessitating routine maintenance, in a position that 

could be very difficult to reach)10,20,32,41. With the significant gains made by the 

auxetic harvesters discussed above, self-powered nodes in these locations 

become more viable options. If the maximum strain in the target location were 

well known in advance then the type of auxetic design could be selected and 

tuned to maximise the power output within that limit. For example, in section 6.2.4 

the rotating hexagram design was found to achieve a high power gain, but so 

severally stressed the substrate that its output had to be reduced to endure the 

applied load; if the intended location for the harvester was expected to never 

exceed a strain of 100 με (rather than that modelling stage target of 200 με) then 

this design could be used to greater effect. If the peak input strain were 

anticipated to occasionally exceed 200 με then the re-entrant honeycomb might 

be a more suitable design, as it had the lowest peak stress in any auxetic 

substrate. The stress concentration effect was sometimes found to be enough to 

break the piezoelectric material however. A high strain or turbulent area would 

therefore be inappropriate for this auxetic amplification technique. In high strain 

locations (such as aeroplane wings32) a resilient piezoelectric material could 

already be directly bonded to the surface, without requiring auxetic amplification. 

Being able to continually monitor the condition of infrastructure with these sensors 

would ensure any damage to the structure could be quickly identified, thereby 

making it easier and cheaper to schedule preventative maintenance and prevent 

dangerous deterioration.  

 
Figure 7-1: Potential application of surface mounted auxetic vibration energy 

harvester in situ under a bridge. 
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8 Final Conclusions 
Using auxetic designs as the substrate of piezoelectric vibration energy 

harvesters has been shown to dramatically increase their power output; by 

2.18-14.5 times that of their equivalent baseline. This method would be ideally 

suited for self-powered wireless sensor nodes in infrastructural health monitoring. 

A finite element COMSOL model was used to find the increased power output 

arising from any particular auxetic design. Its results were found to correlate well 

with the experimental results once the bonding adhesion was considered with an 

appropriate value of spring constant, ka, in thin elastic layers (TELs); a boundary 

condition placed at the top and bottom faces of the glue layer. 

This model was used to maximise the output for a selection of auxetic designs, 

while keeping the localised peak stress in all components safely within their yield 

strengths. The parametric optimisation made this process much quicker than a 

series of manual sweeps. 

The optimum substrate designs found through this model were manufactured 

and tested experimentally, using sinusoidal and recreated bridge excitations. This 

provided experimental validation of the model, as well as to establish the most 

appropriate ka value for the TELs to emulate each sample. For all full size 

samples, ka was in the range of 5-33 GN/m3, and once identified for any particular 

harvester, each value was found to accurately emulate a range of other input 

conditions too. 

As a baseline for comparison, each auxetic design had a solid plain substrate 

of the same overall dimensions and type of piezoelectric material. This could also 

be used to calibrate the model’s TELs before designing the auxetic region. 

Three piezoelectric materials were tested in this work: PZT, LN, and MFC. Of 

these, PZT would produce the greatest power output, but was brittle and liable to 

crack under high strains (>250 με) when combined with an auxetic substrate. LN 

was much more resilient, enduring up to 500 με without damage, but produced 

much less power than PZT under the same input conditions. The MFC generated 

slightly less power than the PZT, but on the auxetic substrate it was able to 

produce a much higher gain (11.3 versus 6.2 times) due to the MFC’s greater 

flexibility. The MFC was thus found to be the most promising of these materials 
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for future research. Steel and aluminium were compared as substrate materials, 

and both were found to be viable options. 

 With MFC on aluminium, many auxetic designs were modelled and five were 

selected for experimental testing. The best of these was found to be the re-entrant 

honeycomb, with a gain of 5.66 times its plain baseline (570 to 101 μW at a 10 Hz, 

100 με excitation). All of these optimised designs generated more than double 

their baseline, and each would be suitable for various energy harvesting 

applications; these can be selected according to the peak strain expected in their 

intended locations. 
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9 Future Work  
This work above could be used to improve the viability of vibration energy 

harvesters in low strain environments. There are numerous ways this research 

could be further developed. For example, some longer term field tests could find 

that the stress limits used here were too stringent or too lax for the intended real-

world applications. Where the harvester is surface mounted on some spacers, as 

in Figure 7-1, simply placing piezoelectric material on both faces of the auxetic 

region would be an improvement; this was prohibitively expensive for this 

research, but models suggests this would add an extra ~66% to power outputjj. 

The use of auxetic designs could also offset the losses associated in switching 

from PZT to lead-free piezoelectric materials; as was shown in Figure 4-8, where 

the auxetic LN sample had a slightly higher output than the plain PZT one, while 

still being resilient enough to endure high strains (unlike the auxetic PZT samples). 

Many flat auxetic designs have been previously researched103–105,107,108,111–115, 

and some of these could prove even more effective than those tested in chapter 6. 

There are some hierarchical auxetic designs that could also be utilised for this in 

future79. Introducing smaller slits within the solid regions of the rotating unit 

designs, or lightning bolt kinks into the beams of the re-entrant honeycomb 

designs, could introduce greater flexibility and invite more auxetic behaviour to 

the substrate. Most auxetic designs found in literature, and those discussed here, 

have regular patterns made of an array of identical units. This makes them much 

easier to model (during their parametric construction, and there are potentially 

some symmetries that could be exploited to reduce the computation time), but 

may also limit development of non-uniform auxetic designs. Looking at the stress 

concentrations in some of these auxetic designs, such as Figure 5-6(b), the 

greatest substrate stress is often found near the edges of the auxetic region 

(where it joins the rest of the substrate) yet the stress in the piezoelectric material 

tends to be the lowest over these regions. These regions experience the most 

direct strain, while being least able to flex. If the auxetic design were non-uniform, 

the beams or hinges in the middle of the auxetic region could be narrower than 

those at the periphery. Procedurally generating these designs could be achieved 

 

jj It is not a straightforward doubling of the output because the second layer constrains the 

substrate more than the one alone; though this could be countered by making it thicker. 
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with a radial position dependence in many of the geometric parameters. The end 

result should be an auxetic region which flexes outwards evenly, which could 

strain the piezoelectric material more uniformly; delivering more power without 

excessively stressing it.  

There is a prospect to develop this work into three dimensional auxetic 

structures. Many 3D auxetic designs have been demonstrated where the 

framework collapses in on itself in all directions under compression104. Placing 

piezoelectric blocks within these frameworks would allow a stress to be applied 

from all sides, greatly increasing their power output. Compression based 

harvesting methods could be enhanced, and as most ceramic piezoelectric 

materials are stronger in compression than tension60,93 their stress concentration 

is more tolerable. The mechanical losses from straining a bonding agent between 

these blocks and the auxetic framework could also be reduced. Integrating many 

such blocks into an auxetic network could be used to make a highly flexible 

piezoelectric metamaterial (though aligning the outputs of all the individual blocks 

would likely require complicated rectification to be useful, similar to ZnO fibre 

devices70), and potentially supersede bulk ceramic piezoelectric materials. These 

devices could be incorporated into the rubber supports under vibrating machinery 

to draw power while isolating them from the surroundings. The technique could 

also make harvesting from impacts, such as footsteps on pavements or ocean 

waves hitting harbour walls, more viable. 

There have been some tests in putting slits directly into PVDF sheets79, or 

forming the piezoelectric material into auxetic designs100. While preliminary 

simulations on the latter indicated that reducing the area would greatly diminish 

the power output, see appendix A.I.iv, there is scope for introducing some slits 

into MFC, between fibres, to encourage their motion. If these lined up in some 

way with the auxetic substrate (while not necessarily matching its shape), this 

could reduce the constraints on the substrate’s motion, thus inducing more power 

from the strained piezoelectric fibres. Long term fatigue testing in the field would 

be needed to ensure these cuts would not cause severe degradation to the MFC. 

Further developments on the piezo-composite materials could also support 

these auxetic harvesters. Having the aforementioned cuts securely built in to 

prevent tearing could help integrate them with an auxetic design. MFC is made 

from parallel fibres of PZT, and thus the auxetic nature of the substrate is only 
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partially utilised; the lateral expansion pulls every fibre outwards, causing them 

to stretch slightly more, but even without the auxetic substrate there would be 

some of this from its Poissonian contraction. Some of this lateral strain is 

inevitably lost to pulling apart the polymer encapsulation between fibres. If the 

fibres were arranged in a spiral or zig-zag pattern, or had an interlaced 

arrangement of fibres, then more of the lateral motion could be harnessed into 

electrical power by the fibres. By designing this fibre arrangement in tandem with 

the substrate, any benefits gained from the auxetic components could be further 

improved upon. Manufacturing this form of composite would be much more 

difficult than the parallel rows available now (as these are cut with a diamond saw 

in close-knit straight lines) but it is not an insurmountable problem; sintering or 

laser cutting thicker fibres into the desired shape would be possible8,100.  

 

Overall, this work has shown how using auxetic structures can dramatically 

increase the power output of vibration energy harvesters. This could easily be 

applied to infrastructural health monitoring, where the relatively low strains would 

otherwise be too small to harvest useful amounts of power from. 
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Appendices 
Here are detailed some minor additional work that does not affect the main 

narrative thrust of the thesis, but could prove useful for researchers aiming to 

replicate or develop this work, or reassure a reader that certain minor objections 

that may have occurred to them have been investigated sufficiently to 

demonstrate they were not applicable to the main work. These are, in essence, 

footnotes to the main body of work that were too long or figure heavy to place 

upon the page. 

 

A. Further To Chapter 3 
A.I.i. Frequency vs. Time Domain 

Working in the frequency domain made all the modelling much quicker; each 

model run would typically take anywhere from 25-150 skk. A single model run of 

an auxetic design using a time domain analysis could take as much as 2 hours 

or more to generate results for a mere 5 s of excitation. Performing this for a wide 

range of parameter combinations would have greatly increased the processing 

time. Frequency domain analysis is limited to sinusoidal excitations however. 

Here both methods are demonstrated to arrive at the same results, with Figure A 

and Table a (time domain output found from the average power across the 5 s). 

The excitation was of the form: 10[XY] "[\I2π × 10[_`] × t[s] − K
<L; the – L

< phase 

ensured it started from no extension to minimise discontinuity. These example 

results were compiled after inclusion of the TELs (ka=100 GN/m3 here). 

 
Figure A: Time-domain power output of the plain harvester. 

 

 

kk Unless the mesh of the model was sufficiently dense to require more than the available 

RAM to process, in which case it could be as much as 20 minutes or more as it progressively 

consumed more hard drive space for memory; if this too overflowed, COMSOL would crash. 
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Table a: Simulated cycle power output from each design, comparing time domain 
and frequency domain analyses. 

Model 

Power from Domain Analysis [μW] 

Time Frequency 

Auxetic 66.244 67.061 

Plain 5.260 5.165 
 

As can be seen from these results, the difference in power output is minimal. 

What small differences there are can be accounted for through the mismatch 

between the peaks and troughs of the excitation with the calculated values of t, 

which could shift the average. Slightly different timesteps could lead to a small 

change in the overall cycle power. Frequency domain analysis was much more 

consistent. 

 

A.I.ii. The Need for Thin Elastic Layers 
In most of the preliminary work (none of which is included outside this section 

due to its lack of rigour), the elastic modulus of the epoxy was mistakenly entered 

into COMSOL as ‘1e6’ N/m2; not ‘1e9’ N/m2 as it should have been. This mistake 

was only found after the proof of concept substrates had been manufactured and 

tested with some PZT from the research group’s stores. One reason this was not 

spotted earlier was that the power output results were within expectations and 

the experimental results were actually quite close to those found from this model. 

When the error was identified and corrected, the modelled power output became 

far too high to be considered plausible (>1.5 mW from a 10 μm excitation of a thin 

2 cm square of PZT would have been optimistic even with an auxetic substrate; 

the plain baseline would supposedly reach around 0.6 mW under these 

conditions), and the calculated stress in the piezoelectric layer was untenable 

(nearly 200 MPa in auxetic case; in plain models it approached 20 MPa). This 

problem was eventually solved through use of COMSOL’s Thin Elastic Layers. 

After these had been implemented the design process restarted, and fortunately 

the new optimal design was indistinguishable from the previous optimal design 

found without them. Before arriving at this solution many attempts were made. 
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9.1.1.1 Glue Thickness 

Initially it was thought that any discrepancy between the model and its 

experimental equivalent would be the thickness of the glue, this being rather hard 

to control while manufacturing the sample harvesters. Here in Figure B are the 

simulated sweep results both before and after correcting the epoxy’s elasticity, 

as described previously. 

 
Figure B: Models without TELs, showing thickness sweep results using the (a) 

uncorrected and (b) corrected epoxy material. 10 Hz, 100 με (4 μm) excitation. 
 

As might be expected, the glue layer being thinner transfers more of the 

applied strain into the piezoelectric layer and so its power output is higher. That 

is with the exception of the auxetic model once corrected, where there is a slight 

increase with thicker glue (this does eventually come back down, but only with an 

implausibly thick layer of ~1 mm or more). Why this should be opposite to the 

plain model is difficult to ascertain; possibly the slightly greater leeway allows the 

outward flexing corners of the structure a little more range to expand. Both 

corrected models are however quite flat, and so adjusting this variable to more 

accurately emulate the experiment seemed unfeasible. 

 

9.1.1.2 Preliminary PZT Results 

The preliminary version of the experimental proof of concept work used 

PZT-5H, left over from Pozzi’s work56. This material had been in a drawer ever 

since, and was quite old. Most of the pieces were visibly broken, and their size 

was predetermined: 20´20´0.2 mm (10´10´0.2 mm was also available, but this 

was deemed too small to build a viable re-entrant hexagon design under). The 

experimental results were far from an exact match with the model, but by using 

the parametric sweep of the glue thickness (within the bounds of what could be 

measured on the samples with a calliper, model results in Figure B) it was 

reasonable to match the output level if not at the same optimal load resistance. 

(b) (a) 
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When the aforementioned error with the epoxy was found and corrected, the 

model no longer approximated the experiment. There was a reasonable 

assumption that the issue was the dubious quality of the PZT, and so it was 

replaced by PIC151 of the same standard size. The results of these can be 

compared in Figure C. The difference was negligibly small for the plain baseline. 

While there was a substantial difference for the auxetic samples, the new results 

were insufficient to explain the disparities to the model. 

 
Figure C: Comparison of old PZT to PIC151 (previously shown in Figure 3-13) at an 

excitation of 10 Hz and 250 με (10 μm). 

 

9.1.1.3 Testing All Available Types of PZT in COMSOL 

COMSOL had several different varieties of PZT in its built in materials library. 

Simulations with each of these materials used for the piezoelectric were run in 

hopes of identifying the unknown type discussed previously. The difference 

between these materials proved insufficient to explain the disparity between the 

simulation and experiment, as indicated in Figure D.  

(a)  (b)  
Figure D: Piezoelectric material sweeps on the (a) Plain and (b) Auxetic proof of 

concept harvesters. 
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9.1.1.4 Isolated PZT 

To ensure the issue did not lie with COMSOL’s modelling of piezoelectricity 

itself, an isolated version of the piezoelectric layer was directly stressed. This was 

then compared directly to the analytic equation 2–5, as shown in Figure E. This 

was found to be a perfect match. A similar analytic check on the stress distribution 

in the isolated plain substrate found the expected result. This confirmed the issue 

was in the bonding between these parts.  

 
Figure E: Comparison of Finite Element and Analytic modelling of piezoelectricity. 

 

9.1.1.5 Measuring the Epoxy’s Elastic Modulus 

A sample of the epoxy was clamped until cured between two sheets of plastic 

to have isolated material for a tensile test. The epoxy was peeled away from the 

plastic and seven dog-bone shaped samples were cut out. These were tested in 

an Instron 3367 tensile testing machine, and the results are shown in Figure F. 

The average gradient for the linear regions of these samples was 1.010 GPa. 

This was approximated to 1 GPa for the modelling. 

 
Figure F: Tensile test results of Scotch-Weld™ 460134 epoxy. 
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9.1.1.6 Thin Elastic Layers 

Thin elastic layers (TELs) are a boundary condition available in COMSOLll to 

emulate layers of material significantly thinner than neighbouring domains without 

resorting to an uneven mesh element distribution. This can make models run 

faster by removing dense areas of mesh while maintaining the same mechanical 

effect between parts. The initial use of this TEL was to replace the epoxy 

altogether (using the same material data and measured thickness to allow 

COMSOL to calculate the equivalent stiffness per unit area) which, as designed, 

produced near identical results to modelling the epoxy layer within the mesh; as 

shown in Figure G. 

 
Figure G: Simulations of both proof of concept designs, comparing those with 
explicit glue layers to models where thin elastic layers replaced this glue. 

 

The TELs were abandoned, until a communication with COMSOL’s support 

suggested using TELs between the epoxy and each of the other components. 

This gave a single tuneable value to the model to act as a fitting parameter: the 

spring constant per unit area, ka. If this value was significantly different in order 

to match the plain and auxetic samples, then this usage of TELs would have also 

been abandoned. The first set of values found were listed in Table 3-3. 

Fortunately these values were all in the same order of magnitude, and the 

variation between auxetic samples was explainable in terms of the epoxy filling 

the auxetic structure and causing it to become stiffer to an unpredictable degree. 

That the same value could be applied to each of the samples under any excitation 

 

ll Many other available boundary conditions were tried unsuccessfully; either there was no 

transfer of strain to the piezoelectric layer, or the model failed to start, or there was little 

difference with them enabled. These failures may be due to using these features incorrectly. 
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gave further credence to the TELs usefulness. The TELs were used in all 

subsequent models, with some adjustment to the scale required to emulate the 

adhesion between different materials, as described in the prior chapters. 

These TELs could be used to replace the entire glue layer and include the 

effects of surface adhesion and variations in the glue’s thickness (see below). 

The reticence to this was that it would discard all information about the epoxy 

material, and require identifying a new value for every combination of substrate, 

glue and piezoelectric material (more specifically, that material’s under-surface 

electrode); though that became necessary for each new stage of work in any case, 

so this would most likely be the best course for any future developments. 

 

9.1.1.7 Glue Thickness with TELs 

The thickness of the model’s glue layer was initially used as the fitting 

parameter before identifying the error with its elasticity. With this corrected, the 

thickness became a less potent means of correcting the model, and with the 

introduction of the TELs, the variation of the thickness became still less significant; 

as demonstrated in Figure H. 

 
Figure H: Corrected epoxy under PZT-5H with TEL 100 GN/m3, 100 με, 10 Hz. 
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A.I.iii. Cross Section Excitation 
When the proof of concept designs was excited in the COMSOL simulations, 

the clamping area’s top and bottom surfaces were considered as being the sights 

of excitation to best emulate the experimental setup. The two faces at one end 

were set as fixed, and the two faces at the other were given an extension equal 

to the peak-to-peak displacement of the excitation. Some may consider instead 

setting the fixed and excited regions in the cross sectional area of the substrate, 

as indicated in Figure I. The difference between methods was therefore 

investigated to ensure the effect was small. The other parameters and excitation 

magnitude in the model were as the final design of the substrate detailed in 

section 3.1.1, including TELs of 100 GN/m3.  

 
Figure I: Auxetic design without clamping regions; excited cross sections indicated. 

 

Table b: Power output from each design, with surface mounted and cross sectional 
excitations. 

Model 

Power from Excitation Area [μW] 

Clamping 
Surfaces 

Cross 
Section 

Auxetic 67.061 66.956 

Plain 5.717 5.891 
 

From Table b, where the excitation is applied can be seen to make little 

difference. The effect on the plain model is slightly larger because the stress field 

is less uniform at these cross sectional faces than in the auxetic design (where 

the stress is concentrated into the auxetic region, see Figure 3-7). As the 

clamping surface method more closely emulates the experimental setup, this has 

been selected throughout the work. This more explicit approach is also far more 

appropriate for the larger harvesters, where their full width does not fit within the 

width of the Instron clamps. 

Excitation Area 

Fixed Area 
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A.I.iv. Auxetic Piezoelectric Layer 
Some of the work listed in the literature review suggest having the 

piezoelectric layer follow the auxetic shape of the substrate113. This was tested 

using the optimised proof of concept model, at the same excitation and conditions 

(10 Hz, 10 μm, ka=100 GN/m3) used in section 3.1. The piezoelectric layer had 

the shape of the auxetic substrate, projected through the glue layer. This removed 

almost half the area of the square PZT layer (and would be quite difficult to 

manufacture outside a computer model). 

The result of this model was only 1.832 μW. Compared to the clamping 

surface results in table b, the output has been greatly reduced by removing this 

hanging PZT. The stress in the PZT is shown in Figure J and peaked at 51 MPa, 

much more than its tensile limit. This kind of design is therefore highly impractical. 

 
Figure J: Stress concentration in auxetic-shaped PZT. Colour range capped for clarity. 

 

B. Further to Chapter 4 

B.I. Test Piece Switch Matrix 
To ensure that using the switch matrix did not affect the power output of the 

sample being tested, one of the plain harvester samples used in chapter 3 was 

retested. It was excited by the same 10 Hz, 250 με input from the Instron, with 

the output going through either the manual variable varistor setup described in 

section 3.2.2 or the switch matrix one discussed in section 4.1.2 (using the 

resistance values listed in Table 5-6). The results are shown in Figure K. This 

shows the switch matrix does not affect the measured output; while making the 

process of taking data much quicker, and thus more reliable and easier to take 

data from more varied excitations. 
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Figure K: The experimental results from Plain 1 sample comparing measurements 

using the manual variable resistor and switch matrix resistance sweeps. 

 
 

B.II. Extended Frequency Sweep 
The FEMTO-ST group wished to explore applications up to 60 Hz, however 

the Instron proved less reliable at input frequencies above 30 Hz. The variation 

in power output in frequencies beyond this were traced to a variation in the force 

applied to achieve the same displacement; the more force was necessary the 

greater the power output. A similar pattern in both the plain an auxetic samples 

as to which frequency was over or under performing our expectations can be 

seen in figure L. Most of these deviations are not due to the difference between 

these substrates but primarily the testing apparatus. Both 55 Hz results 

demonstrate this, as the Instron applied much less force to the samples and the 

power output is accordingly below expectations. 
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Figure L: Additional higher frequency results to extend Figure 4-7 

 

C. Further to Chapter 5 
C.I. tp on Different Auxetic Regions 
As a piece of preliminary work for the larger auxetic region in chapter 5, the 

relative effect of the thickness of the PZT on 36 different re-entrant honeycomb 

substrate designs was tested (following the setup discussed in section 5.1, with 

ka of 200 GN/m3 in the TELs and PZT layers). This was to find out if the results 

would be consistent; i.e. would a design that worked well with one thickness also 

work well with a thicker piece of PZT (in case the intended one was unavailable). 

The 36 models gave one for each M´N array, where both M & N are integers in 

the range 1-6. Values for the bt, d & cb parameters for each of these 36 designs 

were selected arbitrarily to give a reasonable spread of designs (some close 

packed, some open, others deliberately weak, etc.), while ensuring all were viable 

designs with no intersections.  

The resulting power output, shown in Figure M indicated that the difference is 

quite small. The trajectories are approximately parallel, especially after the peaks 

(recall the thickness at the design stage was 180 μm while the thinnest available 

was later found to be 550 μm). These peaks seem to form two clusters, most 

peaking at or above 80 μm, with some peaking nearer 50 μm. The latter group is 

primarily populated by high-M by low-N designs (many units stacked across the 

substrate, but fewer, stretched-out ones along), though not all of them. This may 
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indicate that while most designs have the peak PZT stress over the centre of the 

re-entrant units, these few have more significant contributions from other areas. 

Even with these outliers, there is little to indicate that an optimised design at one 

piezoelectric layer thickness would be significantly worse than some other design 

with the same thickness. 

 
Figure M: Simulated power output from 36 different re-entrant honeycombs with 

varying piezoelectric layer thickness, tp. Plain comparison in dot-dashed black. 

 

C.II. TEL ka on Different Auxetic Regions 
To investigate the potential effect of differing values for ka with various designs, 

36 re-entrant honeycomb designs (the same ones as used in appendix C.I) were 

modelled and tested (according to the setup discussed in section 5.1, with 

180 μm thick PZT). This was to find out whether the use of TELs would be 

consistent across all these different designs; i.e. would a design that was best 

with one particular ka value still be the best with some other value. Fortunately, 

the results shown in figure N demonstrate that there is little relative shifting 

between models at different values of ka.  
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Figure N: Simulation of power output from 36 different re-entrant honeycomb 

designs against their bonding adhesion strength ka. Plain equivalent also shown. 
 

Looking at Figure N, the tracks of most of the 36 designs appear parallel. 

There are a few cross-overs where one design gradually falls short; again, these 

are all the high-M by low-N designs. These crossovers indicate that for these 

designs, increasing the bonding adhesion can’t improve their output as much as 

the other designs. Overall though, these results show that a design that works 

well with a low ka still works well with a high one. This effect if therefore sufficiently 

negligible to relegate its discussion to this appendix. 

 

C.III. Clamping Length 
During the experimental work, it was noted that the power output of the 

samples were higher when the clamping length was shorter. Somewhat 

paradoxically, less material in the clamps seemed to lead to a better grip. It was 

observed that only after testing with a clamping depth of around 1 cm were there 

any noticeable bite marks from the clamps found on the stainless steel, so the 

same gripping pressure on a smaller area could have been a factor; the clamping 

depth effect persisted with aluminium substrates however, where bite marks 

could be observed at any clamping depth, so it was not the only factor. Figure O 

shows the results of a systematic investigation, comparing equal stains (the solid 

lines at 100 με) and five equal displacements at a range of clamping depths 

(which were always the same at both ends) on the PZT Plain sample. The plain 
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was chosen because the auxetic substrate would be expected to concentrate the 

larger displacements into the auxetic region and thus increase the output, 

whereas the plain one would not. The tests and analysis were carried out 

according to the procedure described in section 5.2.2. 

 
Figure O: Experimental results from PZT Plain at five matching displacements, and 

a matching strain (100 με, solid line) at five clamping lengths (grouped by colour). 

These results show a dramatic increase in equal strain output for 1.5 and 1 cm 

clamping, while the other three depths all have similar results. The equal 

displacements at differing depths do not lead to the same outputs. At each 

clamping depth, the results are as expected however: the higher strain inputs 

have higher outputs, in their expected orders. Looking at Figure P, we can see 

the smaller clamping depths result in more uniform displacements across the 

substrate around the PZT. The larger clamping depths feature increasingly 

prominent bulges in this area. This non-uniformity is likely the other factor in why 

the greater clamping distance is less potent. Results like this prompted both the 

testing of all the samples in chapter 5 at a 1 cm clamping depth, and the 300 mm 

long substrates in chapter 6. In a practical application, this issue is less likely to 

arise, as the substrate would be attached to the host structure across its full width; 

akin to the chapter 3 & 4 samples, which were narrower than the exciting clamps.  
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Figure P: Simulated contour maps of displacement at equal strain for a range of 

outlined clamping depths (1-3 cm) for the Plain PZT sample. 
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C.IV. Surface Conditioning 
A simple way to increase the epoxy’s adhesion to the substrate surface might 

be to make that surface rougher. Sandblasting is a simple way to increase the 

surface roughness of metals147. This was used on a pair of substrates (of the 

design found in chapter 5) as shown in Figure Q, then MFC was bonded to each 

and then tested (following the procedure described in section 5.2). The results 

compared to the equivalent non-sandblasted samples are shown in Figure R. 

 
Figure Q: Bare plain and auxetic substrates. The pair on the right have been 

sandblasted, while the pair on the left have not. 

 

 

 
Figure R: Output comparison of MFC samples with untreated substrates against 
sandblasted ones, at the same 10 Hz, 100 με, all with 2 cm clamping depth. 
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These results demonstrate that increasing the surface roughness can improve 

the bonding adhesion, and thus the power output. The plain sample output 

increases by 63%, while the auxetic sample only gains around 10% on its non-

sandblasted version (presumably due to the smaller contact area involved). It is 

however worthwhile to note that despite the moniker ‘stainless’ steel, after mere 

months left alone in a drawer (in dry conditions and cool to moderate 

temperatures) both sandblasted substrates had partially corroded (if superficially) 

due to the pitted surface; unlike their untreated counterparts held in the same 

drawer. This suggests that despite a modest increase in output, sandblasting, 

and many other techniques to roughen the surface, are not worth the likely 

shortening to the working life of an energy harvester. 

 

C.V. Parametric Sweep Results 
The parametric results (with unviable models filtered out) broken up by beam 

thickness, re-entrancy, and crossbeam fraction give an indication of the range of 

power outputs there obtained, as shown in Figure S. They also indicate what 

M×N array delivers that output range. The best beam thickness here is 2 mm, 

though this is influenced by the fact that the high M & N arrays often struggle to 

fit the thick beams in. A similar story is true of the re-entrant results, as the high 

outputs come from the most re-entrant units, but at the high end of the 40% 

column the results become more sparse; again a consequence of the limited 

space in such small units. The crossbeam fraction results indicate that whenever 

there is space to put a longer crossbeam, this will increase the power output from 

the piezoelectric layer. 

 
Figure S: Simulated parametric results, with overstressed and unviable models 

filtered out. The power output is shown compared to the input beam thickness, re-
entrancy, and crossbeam fraction respectively. M×N array indicated by shape and 

colour of the marker. 
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C.VI. Analytic Model 
While working on the large re-entrant honeycomb array harvesters, it was 

suggested that an analytic model might be much faster than a finite element 

model. Utilising the relationships derived by Masters and Evans111, listed in 

equations C–1-5, the effective Young’s Modules and Poisson ratio, along with the 

contact area of the auxetic region using equation C–6, were calculated for all the 

models in the parametric sweep, and some optimisation paths, covered in 

section 5.1. The former are shown on a 3D scatter plot in Figure T. A similar result 

for the raw parameters explored on some optimisation paths is shown in Figure U. 

These results show highly non-linear distributions in both cases, indicating that 

the designing of constrained auxetic regions for this purpose cannot be 

adequately predicted by analytical modelling. 
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Figure T: Results of the parametric sweep, broken up by power from (a) area, 

(b) effective elasticity and (c) effective Poisson’s ratio of the auxetic region. (d) shows 
these three axes combined with power indicated as the colour of the points. 

 

 
Figure U: Power output from varied model inputs for all optimisation routes from the 

four best M×N designs. 

 

Some of these results may not have been immediately expected, such as the 

maximum power output occurring for only slightly negative Poisson ratios, and 

diminishing at more negative ones. This can be explained by looking at 

Figure T(d), where the more negative Poisson ratios are accompanied by smaller 

surface areas with particularly low elasticity; together these limit how much of that 

increased lateral strain can be imposed on the piezoelectric material, and thus 

(a) (b) 

(c) (d) 
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there is little power gained from the extremely auxetic designs. There is nothing 

particularly intuitive about where the optimum balance is, simply from the relative 

values of the input parameters. The region with models of the highest output is 

interspersed with many inappropriate models with much lower power outputs, so 

simply having a value within that ‘optimal’ region is insufficient to predict a 

successful model.  

It is worth noting some limitations of the model used here. The Masters and 

Evans111 equations assume a large area of honeycomb, and don’t consider edge 

effects. They also don’t consider any constraining layer on the honeycomb, as is 

the case here. Both of these are significant oversimplifications in this case. Fixing 

these analytically by forming the honeycomb from a specified number of hinged 

beams, all in known positions, leads to what is effectively a very course finite 

element model. Under this regime, any advantages of a general analytic model 

are lost. This attempt was thus abandoned at this point. 

 

 

D. Further to Chapter 6 
D.I. Plain Comparison to Carbon Fibre 
The long plain substrates from section 6.1 were the same area (of substrate 

and the standard narrow MFC size) as some carbon fibre substrates our group 

had previously worked upon44,56,88,138. Comparisons of stainless steel and 

aluminium to carbon fibre can thereby be drawn, though the latter is too brittle for 

auxetic designs; hence relegation to this appendix. The carbon fibre samples had 

aluminium clamps at each end, as seen in Figure V(a), so the Instron’s grips 

would not fray the fibres. It was thought this may be a worthy addition to the metal 

ones too, see Figure V(b). The output from each case is shown in Figure W. 
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(a)    (b)  
Figure V: Photographs of the 300 mm long substrates, showing (a) stainless steel 

(left), carbon fibre and (b) aluminium with clamps. Both metal samples were previously 
shown in Figure 6-2.  

 

 
Figure W: Experimental results from three plain substrates of different materials, all 

subjected to 100 με (25 μm) 10 Hz excitations. The first two datasets were in 
Figure 6-3. 

 

Placing clamps on the aluminium appears at first glance to be highly beneficial, 

however considering that the free region of the substrate between the clamps is 

now shorter, the strain there is then approximately 1.25 times higher (from the 

same given displacement). Using this and assuming a quadratic relation between 

power and strain amplitude, the power output at optimal load can be estimated to 

increase from 27 to 42 μW; this was born out in Figure W. This effect will be at 

least part of why the carbon fibre substrate generates more power (alongside its 

much greater thickness giving more authority over the MFC, and its rougher 

surface allowing greater adhesion to the epoxy). 

 

D.II. Regular Honeycomb 
It was thought of interest to compare the auxetic honeycomb, discussed in 

section 6.2.2, to a non-auxetic honeycomb; to ensure the increased power came 

from it being auxetic and not merely from the reduced stiffness in that substrate 
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region. To test this, a regular honeycomb frame was modelled to fit into the 

auxetic region. This was built from a repeating regular-hexagonal loop, shown in 

Figure X, where the controlling parameters were the overall size of the hexagons, 

determined by the number of units that fit along the substrate axis, N, and the 

thickness of their beams, tb. Note that as this design lacks any crossbeams at the 

edges, N no longer had to take on an integer value. The only other constraints 

were that N had to be at least 2, and tb couldn’t become too largemm. 

There were two approaches taken to this design. The first was to perform a 

parametric sweep and then optimise from the best of those results, as usual; the 

other was to calculate parameters that would closely match the auxetic 

honeycomb design in terms of effective stiffness. 

With only two parameters to this design, the parametric sweep could quickly 

plot the design space; shown in Figure Y. This displays a ridge of higher power 

results that curves around from high-tb with low-N, to low-tb with high-N; either 

side of which the output falls off (models where both inputs are high are physically 

impossible). The best parametric result, N = 4, bt = 5 mm, was then the starting 

point for the optimiser (ranges given in Table c). This easily came to a stable 

maximum, listed in Table d and shown in Figure AA(a).  

 
Figure X: Regular hexagon 
unit with parameters.

 

mm The N ≥ 2 condition was required to ensure there is more than one continuous beam 

connecting the solid ends of the substrate. The tb parameter check: 3./ √3;⁄ − 70 2⁄ < 22A (if 
true, break) ensured the holes are all larger than a circle 1 mm in diameter. E.g. if the beams 

are 1 mm thick, this limits N to a maximum of 31; while if tb = 4 mm, N is limited to <16. 

 
Table c: Input values for parametric sweep 
and optimisation of regular honeycomb. 

Parameter [unit] Swept Values Opt. Range 
No. of cells in LAR N 2, 3, 4, 5, 6, 7, 8, 

9, 10, 11, 12, 13, 
15, 17.5, 20, 25 

2–33 

Beam Width [mm] tb 1, 2, 3, 4, 5 0.5–6 
 

tb

Lc=√3 LAR / 2N h=
L

AR
 / 2Nfr
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Figure Y: Interpolated surface from regular honeycomb parametric sweep results. 

The second method used equation C-1 adapted from Masters and Evans111 

to calculate the effective Young’s modulus of the selected re-entrant honeycomb, 

and then reverse engineered the parameters for the best matching regular 

honeycomb in terms of effective Young’s modulus, Eeff. These parameters were 

then used to model the power output from that design. For the re-entrant 

honeycomb: d = JI sec(m) 2⁄  (length of the re-entering beams), ℎ = _4  and m is 

negative to denote its re-entrancy. For the regular honeycomb: d = ℎ = J@T 2i⁄  

(all unit side lengths) and m = +30°. Remaining terms were defined in Table 5-3 

(for re-entrant parameters: α, LAR, Lc, & Hc), and in chapter 6 (the aluminium 

properties EAl & νAl, and the substrate thickness, ts). 

From equation C-1, the selected re-entrant honeycomb had a very low 

effective Young’s modulus of 77.2 MPa. A broad spread of datapoints for regular 

honeycombs was generated from equation C-1, and a surface of their effective 

Young’s moduli plotted in Figure Z. Comparing this to a flat surface representing 

the target re-entrant value showed a small family of possible matches to be found 

at the intersection. These solutions were all at the edge of the available range, 

limiting the choice of design. Ideally one with a similar area or Poisson’s ratio (in 

value but of opposing sign) to the selected re-entrant design would have been 

picked, but such were unavailable. In order to keep sufficient units and beam 

thickness, N = 2.4, tb = 1.5 mm was selected as a balance between the two 

parameters. Putting these into COMSOL found the power output to be 100 μW, 

see Table d; even lower than the plain baseline. Comparing to Figure Y, a 

similarly low output persists for any other model in that region. This demonstrates 

that the greater elasticity of the auxetic designs is not the only reason for the 

increased power output of the piezoelectric layer atop them. 
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Figure Z: (a) Effective Young's modulus of regular compared to selected auxetic 

honeycomb (Figure 6-7), based on equation C–1. (b) Closeup of overlapping region. 

 

Table d: Simulation outputs from both regular honeycomb building methods. 

Honeycomb 
Method 

Inputs Power 
[μW] 

Peak Stress [MPa] 
N tb [mm] Substrate Piezo 

Optimised 18.16 1.433 269 77 4.3 
Eeff Match 2.4 1.5 100 57 3.8 

 

 
Figure AA: Regular honeycomb designs, from (a) Optimisation, & (b) Matching Eeff. 

 

Equations C–1-5 assume no significant edge effects and no constraining 

layers (especially not only on one side, as is the case for these harvesters). Both 

auxetic and regular honeycomb models deviate from these assumptions, so 

these equations are likely a poor approximation to the finite element models. 

Despite the FEM being much more time consuming, it is the only method that is 

sufficiently accurate to be of use.  

Both of these methods demonstrate that the gain found by using the auxetic 

substrates is not due to their reduced stiffness alone, but specifically due to them 

being auxetic. There is no indication that any regular honeycomb design could 

(a) 

(b) 

(a) (b) 
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come close to being as effective for these energy harvesting purposes as the re-

entrant honeycombs. Neither of these regular honeycomb designs were 

considered sufficiently promising to test experimentally. 

 

D.III. Parametric Sweep Results 
The parametric results of all the model sweeps are here broken up by 

parameter to show the power output is shown compared to each of the input 

parameters. This shows the range of impact that each parameter can have. 

Overstressed and unviable models have been filtered out, apart from the 

hexagram results. 

 
Figure BB: Parametric results for the re-entrant honeycomb design from Table 6-1. 

M×N array indicated by marker shape and colour. 
 

 
Figure CC: Parametric sweep results for the rotating parallelograms, from 

Table 6-3. Rotating unit shape indicated by marker. 
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Figure DD: Parametric sweep results for rotating hexagrams, from Table 6-6. 

 

 
Figure EE: Parametric results for rotating (spring) triangle designs, from Table 6-8. 
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Figure FF: Parametric results for I-hole designs, from Table 6-10. 
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